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SUMMARY
2 ¥

This is the final report of the program ''Development of a 30 KW Three-
Phase AC Arc Jet Propulsion System', performed for the National Aeronautics
and Space Administration under Contract NAS 3-2523, The program was executed
by the Space Power and Propulsion Section, Re-Entry Systems Department, of
the General Electric Company. The period of performance was from 18 January
1963 through 17 January 1964, The NASA Program Manager was Mr. Harold
Ferguson, NASA-Lewis Research Center, Cleveland, OB; /1

A 30 kw, three-phase ac hydrogen arc jet engine was designed and
operated for 250 hours. The nominal design point was 0.5 lb thrust at 1000
seconds specific impulse. The engine produced a thrust of .57 1b and a specific
impulse of 1076 seconds.

After 250 hours and ten subsequent restarts the engine performance in
terms of efficiency, thrust and specific impulse had changed by less than
five percent.

The participants in this program were Dr., M., L. Bromberg as Program
Manager, R. Richter as Project Engineer, B. C. Merten and H. Williams as
Test Engineers, and N, P, Jeffries as analyst.




INTRODUCT ION

This report presents the results of a research and development program
aimed at the development of a 30 kilowatt three-phase ac plasma arc jet engine.
The primary objective was to design a 30 kw three-phase engine for operation
with hydrogen as propellant performing at a minimum specific impulse of 1000
seconds and a minimum thrust of 0.5 pounds for a minimum duration of 250 hours.
To accomplish this goal development work was carried out on many phases of
plasma arcjjet technology. The following sections of this report will explain
the work performed during the overall program.

In Section 1 the operation of a modified three-phase plasma arc jet
engine design is discussed. This was an interim experimental investigation
necessitated by experience gained from operating the first generation of
three-phase engines., This engine was later in the program superseded by the
advanced engines Y16-1 and Y16-2. /

A complete discussion of Engine Y16-1 is given in Section 2. The design,
checkout testing, modifications and performance testing are presented. This
engine was ultimately used to achieve the stated goals of the program, as will
be shown in Section 4.

In Section 3, Engine Y16-2 is discussed. This engine is similar to
Engine Y16-1 except that larger electrodes are used. It was expected that this
engine would have a considerably longer lifetime than engine Y16-1 since the
lifetime of a three-phase plasma arc jet engine is determined by the extent of
electrode erosion. An unexpected instability in the arc operation that occurred
with this engine is discussed.

In Section 4, the long duration engine test is described. The engine
performed for 250 hours at values greater than 1000 seconds specific impulse and
0.5 1b thrust at 30 kw power. Shutdown was voluntary. The engine was restarted
a number of times thereafter with no decrease in performance.

In Section 5, a single phase ac plasma arc jet engine is described., This
engine was designed to operate with ac or dc under a wide range of conditions.
The test facility for this engine is described and the tests performed are
presented. The purpose of this investigation was to explore basic arc phenomena
so that the information gained therefrom could be applied to improve the design.
of the three-phase engine. This sub program was ¢tarried out with béneficial
results for. the overall.program,

The appendices of this report present a number of technical efforts /L@u‘m4

which were carried out in support of the main goals of the program. )| Appéiidix
I describes the instrumentation in support of the three-phase engine operation.
The survey of the effect of non-uniform energy distribution in the exhaust is
presented in Appendix II, This is followed by an initial attempt to determine
the parameters that affect the ablation rate of electrodes. The difference in

-3-




behavior of several materials is discussed in Appendix IV. Consideration of
heat conduction through an electrode is given in Appendix V, while the limit
of convective heat transfer from the gas to the electrode is investigated in
Appendix VI. Performance measurements are evaluated in Appendix VII and the
30 kw three-phase plasma arc jet engine is presented in Appendix VIII,
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1. TESTING OF MODIFIED THREE-PHASE PLASMA ARC JET ENGINES

Several modified three-phase plasma arc jet engines were tested to ob-
tain data for the redesign of a 30 kw three-phase engine. These engines, when
operated in their original configuration, exhibited a voltage-current relation
with a rather strong effect of the current on the arc voltage. This unfavorable
arc characteristic is shown in Fig. 1.1, To stabilize an arc with a steep
negative slope a large:-external impedance is required. This, in turn, calls for
a high supply voltage for the system. It had been observed that changes in the
gap setting between the electrodes could improve the arc characteristic. Two
existing engines were modified to investigate the effect of the physical configu-
ration of the arc chamber on the arc characteristic.

Engine #4 with two 1/4 inch diameter center electrodes was made first.
The second engine, #6, had two 3/8 inch diameter center electrodes. This engine
had been manufactured after it had become apparent that 1/4 inch diameter tungsten
electrodes would not be heavy enough to carry the current load of 150 amp at 30
kw power,

1.1 Determination of the Effect of Electrode and Nozzle Configuration
on the Electrical Characteristic of a Three-Phase Arc Jet Engine

An existing 30 kw three-phase plasma arc jet engine (engine #4) was modi-
fied by enlarging the constrictor entrance and moving the center electrodes into
the converging section of the constrictor. This new configuration is indicated
in Fig., 1.2. The test results were very encouraging. The indications were that
it is possible to flatten the arc characteristic of the engine such that the
effective arc voltage becomes almost independent of the current., The test data
obtained with this configuration are shown in Figs. 1.3 and .4, The effective
arc voltage which is calculated from the relation P/\{3 x I = V varied only
between 111 and 120 volts over a wide range of power and current. The arc
voltages, A-B, B-C, and A-C were measured by the electrodynamometer voltmeter
which has been calibrated for a sinusoidal voltage. They are apparently dis-
tinctly dependent on the current. This difference between the effective arc
voltage and the arc voltage measured by an electrodynamometer voltmeter indicates
that the arc voltage shape is affected by the current and power level,

Initially, the engine was operated only up to a power level of 24 kw.
There were reasons to believe that the two center electrodes which are made of
1/4 inch tungsten rods are too small to carry a load of 150 amps which apparently
is required to reach a power input of 30 kw, It was intended to obtain all
needed information about the arc characteristic before taking a chance of
damaging the engine by going to higher power levels. After all pertinent data
had been obtained, the engine was disassembled for inspection. There were no
visible signs of ablation either of the center electrodes or of the nozzle.

The engine was reassembled and the power raised to 30 kw. Failure of the
engine occurred after a short run. Upon disassembly, it was found that one
electrode had lost its tip completely, apparently by a fracture, The damage to
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the engine was minor. The electrode material which was plugging up the nozzle
was easily removed.

1.2 Testing of Modified Engine #6

Engine #6 was built under a previous contract with the center electrodes
made of 3/8-inch diameter tungsten rods. To accommodate the larger center
electrodes, the nozzle body had to be manufactured from a 1.5-inch diameter
tungsten bar. The original configuration of this larger engine is shown in Fig.
1.5. After the successful operation of Engine #4 with the arc chamber configu-
ration which was shown in Fig. 1.2, it was decided to apply the same modification
to Engine #6. The arc chamber and electrode configuration resulting from this
change is shown in Fig. 1.6.

The program for testing the modified engine was designed to furnish the
most information on the operation without running the danger of extensive
damage to the engine. The first run lasted only 20 seconds after which the
engine was disassembled for inspection. The arc was very diffuse during the
short operation as no distinct point of arc attachment could be detected. The
second run lasted 130 seconds during which there were occasional indications
of ablation. Signs of melting and ablation were visible in the entrance of
the restrictor where distinct large areas of arc attachment could be recognized.
These molten areas were strong indications that the two arcs had stagnated at
the entrance of the constrictor. The stagnation of the two arcs could be
attributed to either a weak vortex or no vortex at all, Absence of the vortex
could have been due to a loose seat of the vortex sleeve on the nozzle permitting
the gas to enter the arc chamber radially. The test was repeated after special
attention was given to the seating of the vortex sleeve during assembly. The
third run lasted 133 seconds. It ended in a failure which was indicated by
signs of ablation and a gradual increase in arc chamber pressure followed by
a sudden sharp surge of the pressure. Inspection revealed that the two arcs
had stagnated again causing more localized melting. The molten tungsten was
dislodged into the throat where it solidified and caused the nozzle area to
plug up.

The results obtained by testing Engine #6 indicate that the increase in
the nozzle chamber required with the larger center electrodes present a problem
with respect to the strength of the vortex required to rotate the arc. It was
necessary to test new configurations of the center electrodes. They are
described under the design of the three-phase plasma arc jet engine,

-10-




9# autlue yo Alquassy - ¢°T "B1d

A\

i l N SOSOSSS AN SISNSNANN

M~ ////\\\\\\\\ \\\\\

NS P,

7

IIXAL74
\\\\\\

\. ,
\\\\\\\\\“ M E d oL, 07
7,0

L. 007

~-11-




W\

g# surduy JOo 3uT3ljl@g SPOIZOSTH pue uorgeandiyuo) Jaqueyd Ody

g¢ ouiluyg JO JOqWBYD OIY

9'1

*S1g

-12-




2, DESIGN OF ADVANCED THREE-PHASE PLASMA ARC JET ENGINE, Y16-1

2.1 Engine Design

Two basic three-phase plasma arc jet engines have been operated up to
this date. The design of the first is shown in Fig. 2.1 while the configuration
of the second engine was shown in Fig. 1.5. Difficulties were experienced with
both configurations that pointed out that a redesign was indicated.

From the heat transfer analysis it had been determined that for effective
regenerative cooling, a single propellant path along the nozzle is sufficient.
Baséd on this consideration, the engine configuration shown in Fig. 2.1 evolved,
'two major shortcomings of this design became apparent in testing. Several times
after sudden breakdowns of the engine there were indications that one of the
electrodes had failed. The real cause of engine failure was difficult to
determine, The damage to the arc jet engine was such that the cause and result
of a failure could not be determined. During the few occasions when the operator
was able to terminate a test during the crucial moment of impending total failure,
one of the electrodes always showed the loss of a substantial amount of material
while the other electrode had an additional tungsten blub on its tip. Tungsten
not missing from any part of the nozzle body was found in the nozzle throat.

The above described failure pattern pointed out apparent weakness of the
1/4 inch center electrodes and the need for center electrodes of larger diameter.
The engine design shown in Fig. ®.5 incorporates center electrodes made of 3/8
inch tungsten rod. The arc chamber had to be anlarged with the increased size
of the center electrodes to prevent arcing from the electrodes to the chamber
walls, The arc chambers of Engine #4 and Engine #6 can be compared in Figs. 2.2
and 2.6, Tt was realized that the enlarged arc chamber of Engine #6 might cause
a problem due to a decrease in the vortex strength, which is a function of the
vortex slots, the arc chamber size, and the flow rate, However, since absolute
values have not been established for the vortex strength required for the rotation
of the arc, the feasibility of Engine #6 design had to be established by an
experimental evaluation.

Tests of Engines #4 and #6 at power levels above 23 kw also indicated that
the temperatures at the main seal exceeded the allowable temperature for the
sealing material. This problem can only be resolved by using the incoming pro-
pellant for cooling. For this purpose the gas has to enter the engine at the
sealing area which is located above the arc chamber. To effectsalso cooling of
the nozzle body by the propellant in such a design, two gas paths are required.

The engine design which evolved from these condiderations is shown in
Fig, 2.2. The propellant is fed into the rear of the engine and flows through a
path in the boron nitride. The heat transfer to the gas from the insulator is
not appreciable since the insulator temperature is low and in a tubular path the
heat transfer coefficient is inherently low., A relatively cool gas reaches the
area of the main seal where the cooling path becomes annular, The propellant
flows to the nozzle exit area where it returns in the inner path and enters the
arc chamber through the tangential vortex slots in the molybdenum vortex ring.

~13-
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Little change has been made in the design of the electrical connections,
An electrical connection with a small flat contact is not very desirable because
of an inherently high electrical contact resistance and the difficulty in keeping
the contact tight during the heating and cooling cycles. Since for the test en-
gines the absolute position of the two center electrodes had not been finalized,
it is still desirable to be able to adjust the center electrode position with ease.

2,1.1 Nozzle Design

The nozzle design for the new 30 kw engine is based on a stagnation pressure
of one atmosphere and a stagnation temperature of 64000R, The throat diameter is
0.1685 in., These design values are based on an effective power of 28.5 kw which
makes an allowance for a radiation and conduction heat loss of 1.5 kw. The ideal
thrust at an ambient pressure of 1 mm Hg is then determined from the ideal thermo-
dynamic data to be 0.52 lb.

The optimum design of the divergent section of the nozzle was obtained from
a parametric study. First, the thrust efficiency was determined for a number of
maximum divergent angles as a function of the length of the divergent section and
area ratio. This study is based on the relations between the area ratio, nozzle
length, and maximum divergence angle of optimum nozzle designs for ideal fluids.
These relations are shown in Fig. 2.,3. The dependency of the thrust efficiency of
a real fluid on these parameters is indicated in Fig. 2.4. The thrust efficiency
is defined as the ratio between the actual thrust to the ideal thrust.

Q2 _ Tactual
TH ~
Tideal

Deviations from the ideal thrust are due to under-expansion or over-expansion,
momentum loss in the boundary layer, and heat transfer. Under-expansion will occur
if the nozzle length is too short for a given maximum divergent angle, The opposite
is true for over-expansion. Loss of momentum in the boundary layer increases with
boundary layer growth and heat transfer through the nozzle. Hence,; there exists a
nozzle design point at which the efficiency improvement due to an increased expan-
sion ratio becomes less than the increase in the losses in the boundary layer., This
is the point of optimum thrust efficiency which can never reach unity. Assuming an
effective nozzle wall temperature of 4000°R which was determined from a heat transfer
study, the optimum nozzle efficiency for the stated operating conditions was found
to be 91.9%. This maximum efficiency is obtained with an area ratio of 20 which
corresponds to a pressure ratio of only 475.33, though the optimum expansion ratio
based purely on thermodynamic considerations is 760. In Figs. 2.5 and 2.6 only the
effect of under-expansion on the thrust efficiency is shown. A compariscn of the
data of Fig, 2.4 with the data of Fig. 2.6 gives an indication of the boundary
layer effect. To convey -an appreciation of the effect of the nozzle wall temperatur
on the thrust efficiency, Figs. 2.7 and 2.8 are presented. The data of these two
parametric studies are based on nozzle wall temperatures of 2000°R and 6000°R., Based
on the thrust efficiencies shown in Fig. 2.4 the effective specific impulse at the
operating conditions and an ambient pressure of 1 mm Hg is shown in Fig, 2.9 in para-
metric form, Three nozzle contours are shown in Fig.2,10, The nozzle contour for an
ideal fluid assumes frictionless flow. It has an area ratio of 20. An adjusted
nozzle contour is obtained by adding the displacement thickness to the ideal nozzle
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contour. The final nozzle specified for the engine has a conical nozzle con-

tour since the deviations from the ideal nozzle contour were never larger than
the machining tolerance that can be realistically specified for manufacturing

of test engines,

2.2 Testing of 30 KW Three-Phase Plasma Arc Jet Engine Y16-1

2.2,1 Initial Testing of Engine Y16-1

At the beginning of the second quarter of this program the new 30 kw
three-phase plasma arc jet engine (Y16-1) was received from the shop. The
assembly was completed without modifications or corrections, All parts of the
engine were manufactured according to specifications. The assembled engine is
shown in Fig. 2.11 while an exploded view is shown in Fig. 2.12 and the assembly
drawing in Fig., 2.13. The initial arc chamber configuration and electrode set-
ting was based on the most successful configuration which had evolved during
operation of Engine #4, This configuration is shown in Fig. 2,.14a.

2,2,1.1 Test Schedule

The test schedule for engine Y16-1 was designed to obtain the greatest
amount of information with the least amount of damage to the engine in the
event of an error in the design. The engine was, therefore, to be initiated
with a very short run lasting not longer than 15 seconds, During this run the
engine would not reach steady state operating conditions., But it also would
not permit excessive damage to the nozzle and electrodes if the arc should
stagnate, After this initial run, the engine was to be taken apart and thoroughly
inspected in order to determine the location of the arc attachment and condition
of the nozzle body after its first thermal shock.

The second run was to last about 100 seconds, a time duration which was
known to be just short of steady state operating conditions. This run would
again be followed by a complete inspection of the engine. Only after completion
of these two initial tests would an attempt be made to reach full power of
30 kw and to obtain the electrical characteristic of the engine,

2,2,1.2 Electrical Circuit

The electrical system shown in Fig. 2.15 was set up with a reactive impedance,
XL’ of 0.575 ohms in each line of the primary circuit, a transformer ratio of 2/1
and a capacitance of 75 F across the primary lines. The primary voltage was
set at 260 volts for starting.

2.2,1.3 Testing

The engine ignited immediately without any additional starting procedure.
The power level reached by the engine without adjustment of the primary voltage
was 24.3 kw., The first run lasted 13 seconds and was terminated before the engine
reached stable operating conditions. After disasscmbly and upon inspection no
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visible signs of arc attachment could be observed at the convergent section of
the nozzle. The surface appearance of the tungsten indicated that very diffused
arcing must have occurred over the entire exposed area of the converging section
of the nozzle. Each center electrode had a small indented spot on the tip from
where the arc must have originated. No signs of diffuse arc attachment was
found on the electrodes.

The second test run was performed with exactly the same electrode setting
indicated in Fig, 2114, Starting was normal, After 25 seconds the arc had
stabilized as could be determined from the arc voltage and current traces on the’
oscilloscope. At this time, the arc chamber pressure was still rising. After
complete stabilization of all operating condition had occurred; intermittent ab-
lation was observed. The arc chamber pressure on the Sanborn recorder and on
the Taber read-out indicator were closely observed in order to immediately detect
plugging of the nozzle if it should occur., The run was terminated after 105
seconds, before any indications of nozzle plugging was detected. Sporadic signs
of ablation had continued through the entire test run. After disassembly of
the engine, the inspection of the nozzle indicated that the two arcs originating
from the two center electrodes had stagnated in the convergent section of the
nozzle. The two areas of the arc attachment. were the origin of the tungsten
material which was found in the nozzle throat. This material was easily removed
without the use of special tools,

The results of the second run had indicated that the vortex strength of
"the propellant was too weak to rotate the arc at the area of arc attachment.
This could be attributed either to the vortex slot design or the arc chamber
design, The vortex slots were enlarged from 12 mils to 17 mils, This slot de-
sign approached that previously employed in other engines, After this
modification the engine was operated for 440 seconds. The run was terminated
because of a sudden complete loss of chamber pressure indicating a large pro-
pellant leakage, Unfortunately, the arc had continued to operate for about 3
seconds after the loss of flow. During this short time there were strong
indications of ablation. The cause of the pressure drop was traced to a failure
of a connection in the pressure pickup line. Upon inspection of the engine,
deep indentations due to material loss were found in the nozzle throat. Due to
the failure of the pressure line, and the following complete loss of the vortex
in the arc chamber, it was not possible to establish the real cause of the damage
found in the convergent section of the nozzle after this test. It was, therefore,
not possible to determine whether the vortex slot modification had solved the
problem of arc stagnation. A close inspection of the Sanborn recording indicated:
that in this run the arc required 75 seconds to stabilize. This compares with
25 seconds recorded with the 12 mil slot design. This difference in the time
required for arc stabilization in itself could be considered an indication of
a stronger arc diffusion with the 1larger slots. The arc chamber pressure and
the arc power reached their stable operating point after 200 seconds. The arc
power during this run was 28.5 kw.

The converging section of the nozzle was repaired by enlarging this sec-
tion until the indentations caused by the loss of material disappeared. The
resulting arc chamber configuration is shown in Fig. 2,14b, During the following
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runs no ablation was observed. The runs had to be terminated after 10 to 30
minutes of operation due to failure in the pressure pickup or flow lines.

These failures had never been experienced previously with other engines and
could only be attributed to a faulty piece of material that was used to make
the new gas lines for the new engine. All test runs were made at a power level
of at least 29.5 kw. Evaluation of the data indicated operation at a power
level of 31.7 kw over a substantial length of time.

In Figs 2.16 and 2 17 the engine parts mostly affected by the arc opera-
tion are shown. The first set of electrodes which were used in all the tests
are compared with a new set of electrodes in Fig. 2.16. The tips of the
electrodes had melted locally after the first tests as was expected. No apparent
change in the electrode tip configuration could be observed after the following
extended tests. The surface in the convergent section of the nozzle as shown
in Fig. 2.17 was roughened by the arc but was free of indentations or other
indications of local material loss.

The first electrical data of the engine produced some unexpected power
relations between arc voltages, and line currents. These data are shown in Figs.
2.18 and 2 19.

With Engine Y16-1 a power level of 30 kw can be reached with a line current
of less than 130 amps as shown in Fig. 2 18 The effective arc voltage at this
power was 135 volts The power of each line which is recorded continuously on
the Sanborn recorder confirmed that the engine was operating stably at these
voltage and current relations. From the electrical data which were obtained
with Engine #4. the line current was expected to reach 150 amps at a power of
30 kw. The slight variations in the effective voltages for the different test
runs, which are shown in Fig 2 19.have to be attributed to the minor changes in
the gap setting between the center electrodes and the nozzle which occurred with
each reassembly of the engine

As an added check on the measured power. the measured arc chamber pressure
and the measured power were correlated with analytically predicted values. Fig
2 20 is the calibration curve for the nozzle design used in Engine Y16-1. In
Fig. 2 21 the measured power values are superimposed on the analytical locus for
a propellant flow rate of 5 x 10-4 1b/sec. It can be seen that the test points
agree well with the analytical predictions.

2.2 1.4 Initial Evaluation of Engine Y1l6-1

At the conclusion of the initial testing of Engine Y16-1. several minor
modifications of the engine were indicated. The radial O-ring seals proved
impractical because of the large tolerances on the metal O-rings as they were
received from the manufacturer. The engine was. therefore, modified to accept
an axial O-ring seal. The problem encountered with an axial seal due to
differential thermal expansion, was resolved by making the shell out of molybdenum.
The possible galling between the threads of the shell and the engine body which
was anticipated to be a serious problem was alleviated by coating the engine
body threads with alumina.
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Fig. 2.17: Converging Section of Nozzle After Testing (Y16-1)
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Because of the repeated assembly and disassembly of the engine, problems
were encountered wherever parts were threaded in boron nitride. It was just not
possible to prevent loosening of the joints during disassembly. Stripping of
the threads in the boron nitride insulator made several temporary fixes on the
engine necessary.

2.2.2 Endurance Testing of Engine Y16-1

After completion of the initial testing of engine Y16-1, testing for endur-
ance and stability over long duration was started. The electrical circuit for
the long duration runs was selected from the results of the initial tests. The
most stable arc operation had been found to prevail with a transformer ratio of
2:1, a stabilizing inductance of 0.575 ohms in each primary line, and a capacitance
of 75/p F across the primary lines, The main objectives of the endurance tests
were to establish possible relations between the ablation rate, the frequency of
starting, and the power level,

The first long duration run was started June 6, 1963. The engine had been
operated for 82 minutes at a power level of 30 kw when external arcing necessitated
shutdown. On inspection, it was found that the insulation of all electrical
connectors in the vacuum tank had melted and that the observed arc was the beginning .
of a general impending breakdown of the electrical leads to the engine. On dis-
assembly and inspection of the engine all parts were found to be in perfect
operating condition. The electrodes had lost some more material at their tips
in such a way that they appeared more evenly worn over the entire tip area. This
indicated that the previously observed preferred ablation as was seen in Fig., 2,16
did not constitute a wearing in of the electrodes. The boron nitride electrode
holder was in perfect condition, showing no loss of material at all..

The electrical wiring in the tank had to be completely replaced. All con-
nectors were eliminated and only Geoprene insulated wire was used as leads. A
thermal shield was immediately installed behind the engine to shield some of the
wiring in the tank from the direct radiation of the exhaust plume,.

Before initiating the next long duration run, the center electrodes were
weighed and marked. The second extended run lasted 2 hours and 20 minutes.
This run was terminated because of the breakage of optical glass in one of the
port holes of the tank. No damage occurred to the engine or any other component
since the second glass in the port hole remained intact, maintaining the vacuum
in the tank,

On disassembly of the engine it was found that the Geoprene insulated
leads had suffered substantially. The insulation near the engine had become
charred and brittle and was fractured at several locations. All engine parts
were in operating condition. There were visible indications that the electrodes
had lost further material at their tips, but no unusual arc attachment could be
detected along the electrodes. The electrodes lost 0.128 g and 0.126 g respectively
due to ablation. Based on this material loss, the combined ablation rate for
both center electrodes was 3,024 x 10~5 g/sec. The surface of the convergent
section of the nozzle showed a uniform roughness over the entire area of arc
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attachment. Some new tungsten material was located in the throat. The two
initial cracks in the nozzle were enlarged. It appeared as if material had
actually broken out of the cracks. However, the cracks had not penetrated any
further to the outside. Pictures of the two center electrodes as they appeared
after this run are shown in Fig., 2.22. At this time these original electrodes
had accumulated over 220 minutes of continuous operation and approximately 4
hours of check-out runs. The same amount of operating time was also accumulated
by the nozzle shown in Fig. 2.23,

The broken glass in the port hole of the test tank was replaced by a
Pyrex glass. All electrical leads were retaped with glass tape to safeguard
against possible failure of the insulation., The next long duration run was
planned to last exactly double the time of the previous run. The run proceeded
completely uneventful, The engine operated stably at its power level with only
an occasional variation in the voltage-current relation. At the time of shutdown,
all components were operating perfectly. The combined ablation rate for the
two center electrodes was 3.5774 x 10~9 g/sec for this 280 minute operatiomn.
The material loss of each electrode was .33 g and .271 g respectively. Visually,
no difference could be detected between the appearance of the two electrode tips
as can be seen in Fig. 2.24, It was quite obvious that the converging section of
the nozzle had deteriorated further. The two cracks in the nozzle were enlarged.
On close inspection it appeared that material has been lost from the cracks due
to breaking off, No sign of arc attachment could be found along the cracks
although the sharp corners would be expected to furnish preferred points of at-
tachment (Fig. 2.25). Looking into the diverging section of the nozzle, one of
the cracks was seen to have penetrated to this side of the throat. Some material
was deposited in the nozzle throat; but not more than there had been seen before
from the previous runs (Fig. 2.26). The complete electrode holder assembly with
the vortex sleeve is shown in Fig., 2.27. The holder and the sleeve remained
in perfect condition.

In order to confirm the measured ablation rate, another 2 hour run was
scheduled. The test was run in a routine fashion., The total ablation for each
electrode was 0,089 g and 0.125 g respectively. The ablation rate for this run
was 2.94 x 1079 g/sec. A close check of the recorded data showed that the average
power during this run was not quite 30 kw.

At the end of 620 minutes continuous operation the two center electrodes
had lost 0.547 g and 0.522 g respectively., The combined average ablation rate
was 3,2993 x 10-9 g/sec for the two electrodes. The ablation rate of each
electrode varied only by 2.3% from the average ablation rate. This very slight
variation of the total ablation between the two center electrodes suggests that
the loss of material at the electrodes is a continuous process and that it had
not occurred due to fracturing off.

To determine whether a relation exists between the ablation rate and the
power level, tests at power levels below the 30 kw design point were scheduled.
These tests were to last for two hours each, a duration that had proven to be
sufficient to produce consistent reproducible data. The first of these tests
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After Testing Before Testing

Fig. 2.22: Center Electrodes After 220 Minutes of Continuous
Operation and Approximately 4 Hours of Checkout Runs




Fig. 2.23: Converging Section of 30 KW Three-Phase Plasma Arc Jet
Engine Nozzle After 220 Minutes Continuous Operation
and Approximately 4 Hours of Checkout Runs (June 14,
1963) (Y16-1)
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Center Electrodes After 500 Minutes of Continuous Oper-

ation and Approximately 4 Hours of Checkout Runs
(June 24, 1963)
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Fig. 2.25: Converging Section of 30 KW Three-Phase Arc Jet Engine
Nozzle After 500 Minutes Continuous Operation and
Approximately 4 Hours of Checkout Runs (June 24, 1963)
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Fig. 2.26: Diverging Section of 30 KW Three-Phase Plasma Arc Jet
Engine Nozzle After 500 Minutes of Continuous Opera-
tion and Approximately 4 Hours of Checkout Runs (June
24, 1963)
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was run at a power level of 24.8 kw. The measured ablation rate was 2.53 x 10_5
g/sec, The second test run conducted at a power level of 21 kw, produced an
ablation rate of the electrodes of 1.319 x 10-9 g/sec. These data and previously
obtained data are plotted in Fig. 2.28. The results indicated that there is a
distinct dependency between ablation rate and power level and that the ablation
rate can be modified by changes in the design of the electrodes.

With these results the effect of the ablating electrode material on the
specific impulse can be determined, For an ablation of 3.3 x 10-9 g/sec, the
total contribution of the tungsten material to the expelled mass is only 0 0146%.
This indicates that the error in the specific impulse due to ablation is outside
of the accuracy with which the specific impulse will be determined.

2.2.2.1 Results of the Endurance Testing of Engine Y16-1

The long duration test runs have provided ablation rate data for full
power operation and some correlation between power level and ablation rate It
was found that the ablation rate apparently is a function of the power level
and that starting does not have any pronounced effect on the material loss from
the electrodes. The ablation rates remained effectively constant regardless of
the duration of each individual run. The combined ablation rate at a 30 kw power
level operation is about 3.3 x 10-5 g/sec for both center electrodes. Using this
ablation rate to extrapolate to 250 hours continuous operation, total weight loss
of 29.7 g or about 15 g per electrode can be expected. A six inch electrode
weighs about 117 gr. The increase in gap after 250 hours of operation would be
approximately 0.77 inch,

2,2.3 Evaluation of Engine Design
2.2.3.1 Performance of the Tested Engine

At the end of the testing phase of Engine Y16-1 lasting from the beginning
of May to the beginning of July, a re-evaluation of the design was timely. Engine
Y16-1 had been designed to operate at a power level of 30 kw for 250 hours con-
tinuously. Testing of the engine has shown that the ablation from the center
electrodes is the limiting process in the life of the three-phase plasma arc jet
engine, Extrapolating the test results showed that the Y16-1 engine should be
capable of operating for approximately 100 hours. After about 100 hours of con-
tinuous operation, the electrode gap will have increased by about .31 inch. The
arc would then become unstable and will break towards the vortex ring. This
will result in a failure of the engine. These predictions all assumed that the
ablation rate did not change significantly with time., Later results indicated
otherwise.

If the ablation of the center electrodes can be reduced, the nozzle be-
comes the limiting component in the design of Engine Y16-1., The nozzle has
shown continuous deterioration during the long duration operation. Cracks developed
and increasing roughness of the metal surface in the convergent section of the
nozzle coculd be observed, Neither of these two kind of deteriorations has any
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Fig. 2.28: Ablation Rate of Center Electrodes as a Function of Total Arc Power
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consequence on the functional operation of the engine. However, the opening up
of the cracks and the loss of material along the cracks appeared to be a sporadic
process. The progress of such a process camot be predicted. Only very exten-
sive tests will produce enough data to determine whether and when the loss of
material along the cracks will eventually result in a complete disintegration of
the nozzle.

2.2.3.2 Indicated Modification of the Tested Engine

Electrodes - The center electrodes of Engine Y16-1 were manufactured by
slicing a 0.5 inch diameter swaged pure tungsten rod along the axis, removing
during the process a slice of ,125 inch thickness, The total cross-sectional
area of the remaining material was 0.13375 inch2, By redesigning the engine to
take center electrodes sliced from a 0.75 inch diameter rod, the cross-sectional
area can be increased to 0,3477 inchz, i.e., by a factor of 2,6, If the ablation
rate remains constant, the increase of material per unit length of electrode can
assure a continuous operation of 250 hours assuming a constant ablation rate, or
about twice that much if the ablation rate decreases after running 10-20 hours.
The increase in cross-sectional area will also increase the heat conduction from
the electrode tip. This secondary effect of the larger electrodes can be expected
to result in a change in the ablation rate with respect to power as was measured
with the electrodes made from a 0.5 inch diameter tungsten rod,

Tungsten rod with 2% ThO_ was also considered for testing. Center electrodes
were made from this material ang the results are discussed in another section of
this report,

Nozzle - The tungsten nozzle in Engine Y16-1 was machined from a 1.5 inch
diameter pure tungsten rod. The 1.5 inch diameter bar was swaged in the General
Electric Research Laboratory in Schenectady from a 3.5 inch diameter hydropressed
sintered tungsten billet with a density of 95,75%. Apparently the swaging process
produced a great amount of unrelieved stresses and did not create the desired
optimum density in the center of the bar. In order to investigate the effect of
material a special extruded piece of 2% thoriated tungsten was manufactured by
the Manufacturing Department of the Refractory Metals Plant in Cleveland, The
piece was worked down to its final dimension from a 3 inch diameter sintered bar.
After the extrusion process the piece was completely inspected for soundness.

No defects were found. A nozzle was manufactured from this materialuadnéctésted.
The results are presented later in this report.

2.3 investigation of the Effect of the Magnitude of the Reactive
Impedance in the Electrical Circuit on Engine Operation

2,3.1 Test Procedure

The effect of the magnitude of the reactive impedance in the electrical
circuit was investigated with Engine #4, before Engine Y16-1 became available for
testing. The primary objective was to ascertain whether the arc voltage - arc
current relation could be influenced by the external electrical circuit.
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It was observed that the three-phase engine operated stably over a wide
range of power with a minimum reactive impedance in the external circuit. The
minimum requirement for Engine #4 was determined experimentally by lowering the
arc power until instability was observed as indicated by the Sanborn recorder
traces of the three line powers. To cover a power range of 17 to 22 kw in the
planned tests, the minimum requirement was found to be 0.52 ohm in each primary
line (24 inductor turns per line). With this inductance value, the line currents,
arc voltages, and power were recorded for many operating points. The test was
repeated with an inductance of 0.575 ohms per line (26 inductance turns per line).
The results of these tests are shown in Figs, 2,29, 2.30, and 2.31.

2.3.2 Results

Apparently the inductance value has no influence on the power-current
relationship of a three-phase arc. This can be deducted from Fig., 2.29. An in-
crease in the inductance, however, causes the voltage as indicated on a voltmeter
which is calibrated for a sinusoidal voltage signal to approach the effective
voltage, where the effective voltage is defined as

Veff = P/\3 IL

where P = power, watts

L

line current, amps

This observation indicates that only the voltage shape is affected by a
change in the inductance and that by increasing the inductance the high voltage
spikes can be decreased. Any possible advantage of a decrease in the voltage
spikes was not evaluated in this phase of the testing.

2.4 Effect of Firing Order on Arc Operation

The most efficient operation of a three-phase ac plasma arc jet engine has
been observed to occur when the powers in each arc are approximately equal. From
experience with the 30 kw three-phase engine, it has been found that the currents
tend to be self-regulating, i.e., the currents in each of the three arcs are
about the same. However, the voltages across each arc sometimes differ by as much
as perhaps a factor of two. Therefore, an investigation was made into the causes
of this situation.

Using tungsten electrodes and a thoriated tungsten nozzle, the engine was
run and voltages recorded across each pair of electrodes. Then the electrical
leads to the electrodes were interchanged and the test repeated. It was found
that the electrodes across which the minimum voltage had been previously measured
now,no longer indicated the minimum voltage. It was first believed that this
might be caused by a characteristic of the power supply rather than a characteris-
tic of the engine. However,by systematically changing the arrangement of the
leads, it was found that the relative magnitude of the electrode voltages were
deperident upon the following factors:
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Fig., 2,29: Effect of Inductance on the Power-Current Relation of

a Three-Phase Plasma Arc Jet Engine (Engine #4)
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1. The maximum voltage always occurs between the two center

electrodes.

Therefore,

center electrodes is electrically long,
visually appears to extend through the throat of the
nozzle,

92, The minimum measured voltage occurs between the nozzle

and one of the electrodes,

arcs in the engine.

and in fact it

the arc current path between two

Which one of the two electrodes
is dependent solely upon the firing order of the three ac

For example, Table 7 shows that

when

the firing order is clockwise the measured voltage between
electrode A and the nozzle body B is the minimum of all three

voltages.

When the firing order in the engine is reversed

by interchanging the power leads to the engine the voltage

between electrode C and the body B is the minimum,

This dis-

covery of the dependency of the firing order on the measured
voltage was of great interest, as previously it had always
been assumed that the voltage difference between voltages

VA
during assembly.

and V

was due to a slight misalignment of the electrodes

This result again pointed out a very inter-
esting fact about the three-phase engine design, that the
electrical operating point of the engine was almost insensitive

to electrode gap setting.

ELECTRODE

Fig. 2.

POSITION

Center
Body

Center

This is in complete contrast to
the electrical characteristic of a single phase arc jet engine.

Counter-
Clockwise
Firing

c @

32: Schematic of Electrode Firing

@

Clockwise
Firing

@:

Clockwise Firing

Counter-Clockwise Firing

VAB’ Volts 140 110 250 110

Vyor Volts 250 150 260 150

VBC’ Volts 250 130 180 100
Table 1: Voltage Measurements Between Electrodes
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It must be pointed out that the quoted voltages are voltages measured
with an electrodynamometer voltmeter which has been calibrated for sinusoidal
voltages. The differences in the measured voltage might not be due to a
difference in the absolute RMS voltages but also due to a difference in the
arc voltage shapes as can be seen in Fig.2,33,

2.5 Performance Testing of the Three-Phase Plasma Arc Jet Engine (Y16-1)

Engine performance testing was initiated with the three-phase plasma arc
jet engine, Y16-1, after the thrust measuring device had been completely checked
out, By then the Y16-1 engine had been operated for over 50 hours reliably and
had been started repeatedly without a single failure. During that time also,
consistent ablation rate data had been obtained, which are reported in Section
6 of this report, These measured ablation rates had shown that erosion of the
electrodes would introduce an error in the performance measurement of less than
1.55 x 1074 percent., Also, the long duration runs had proven the design to be
a realistic one, that is, it has incorporated design features which are favorable
both for high performance and also for high reliability and extended operation at
the 30 kw power level.

The test data obtained with this engine on September 18, 1963 are typical
for several tests. They are tabulated in Table 2 . As in all other test runs
the thrust was measured keeping the flow rate constant and varying only the power.
No attempt was made to obtain high specific impulse data by lowering the flow
rate at the 30 kw level or by raising the power level above the 30 kw design
point while keeping the flow rate constant. This was done after the other engines
of the Y16-2 design were checked and all possible causes of failure were suffi-
ciently well understood that there would be no delay in the results of the overall
program,

The measured performances are not substantially above those quoted for dc
arc jet engines of the same power level. It had been anticipated that the sub-
stantially lower arc currents would have a larger effect on the efficiency. The
line currents of the three-phase ac engine are only 119 amps, while the line cur-
rent with which the dc engine was operated at 30 kw is 205 amps. The analysis
had actually predicted that with the regenerative cooling design a decrease in
the engine heat loading would not lead to a substantial increase in the cooling
efficiency as the cooling efficiency is already very high for the present engine
design.

These performance tests had now proven the three-phase engine to fulfill
the performance specifications and even exceed them slightly.
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3. THE PLASMA ARC JET ENGINE Y16-2

3.1 Design of Engine Y16-2

The evaluation of the test results obtained with Engine Y16-1 suggested
certain changes in the design of the engine, These indicated changes were
essentially minor. Engine Y16-2 differs from Engine Y16-1 only in its front
part, the insulator section and the guts of the engine. All radial O-ring seals
which were originally designed into Engine Y16-1 were abandoned because of the
required close tolerances which could not be held by the metal O-ring manufacturer.
Modifications in that respect had already been carried out on Engine Y16-1
which resulted again in axial O-ring seals, The modifications proved successful
and resulted in leak-tight sealing. Threading of fittings into the boron nitride
insulator had proven impractical because of the repeated disassembly of the
engine during the investigation of ablation rates. Swagelok fittings were modi-
fied in such a fashion that their threaded section extends 0.7 inch and could be
threaded into a steel nut which lies flat in a counter bored recess. New O-ring
seats were machined into the Swagelok fittings to take metal O-rings of special
design. The new electrode holder has been designed to take electrodes made from
a 0.75 inch diameter tungsten rod as shown in Fig. 3.1. The assembly of the new
engine design is shown in Fig. 3.2, A photograph of the assembled engine is
given in Fig. 3.3 while an exploded view appears in Fig. 3.4.

3.2 Testing of Engine Y16-2

After the most favorable engine configuration for the three-phase engine
had been established with the design and testing of Engine Y16-1, Engine Y16-2
was built and tested. The Y16-2 engine design differs from the Y16-1 engine
design in that it incorporates center electrodes made from a 0.75 inch diameter
tungsten rod compared to center electrodes made from an 0,50 inch diameter tungsten
rod in Engine Y16-1. By using the larger size electrodes in Engine Y16-2 the pro-
jected area of the electrodes had been increased 2.64 times. The ablation rate
of the center electrodes in Engine Y16-2 was therefore expected to be considerably
lower than in Engine Y16-1 as indicated by the ablation analysis described in
Appendix" III.

Testing of Engine Y16-2 was delayed due to an accidental fill-up of the
test tank with water. The engine was apparently not damaged by the water and
the silicone o0il in which it was submerged for a substantial length of time.
Heavy flaking off of boron nitride occurred during the following test run. Dis-
location of a boron nitride piece in the throat section finally caused stagnation
of the arc forcing a shut down of the engine. Upon disassembly, the internal
surfaces of the boron nitride insulator and the electrode holder were found
coated heavily with silica, Spalling and disintegration of the boron nitride was
evident, but no damage had been done to the engine nozzle nor the electrodes.
Unfortunately, both center electrodes were fractured when an attempt was made to
remove them from the electrode holder which could not be removed from the insulator.

New parts were ordered and received., The engine was assembled again with
the same electrode setting that had proven to be optimum for Engine Y16-1. The
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Fig, 3.2: Advanced 30 KW Three-Phase Plasma Arc Jet Engine (Y16-~2)
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Fig, 3.3: 30 KW Three-Phase Plasma Arc Jet Engine (Y16-2) Assembled
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first test results indicated that the three line currents were slightly higher
for this engine at the 30 kw power level than for Engine Y16-1. This variation
in the voltage-current characteristic of the engine can be explained by the
difference in the arc chamber size. Due to the larger electrodes the internal
diameter of the vortex sleeve had to be enlarged to prevent arcing to the sleeve.
The increase in the arc chamber size caused the vortex strength which is avail-
able with the fixed propellant flow rate to decrease., This, in turn, results

in a less diffused arc and higher currents. Several modifications of the vortex
sleeve have proven this explanation of the observed difference in arc current to
be correct,

During an extended run of Engine Y16-2 with currents of 145 amps at 30 kw,
no adverse effect on the engine was observed, The run had to be terminated only
because of an overloading of the stabilizing inductors which were set for the
electrical conditions prevailing with Engine Y16-~1. It was observed that the
power remained absolutely constant over the entire run. No voltage adjustments
had to be made. The current traces on the oscilloscopes appeared as perfect
sine waves. This indicated an extremely stable arc operation.

3.,2.1 Experimental Investigation of Engine Y16-2 Operation
3.2.1.1 Testing for Abnormal Operating Phenomena

After several test runs of Engine Y16-2 it was realized that it was very
difficult to repeat the results of previous test runs with this engine., This
was quite contrary to the experience gained with Engine Y16-1 where operation
could be duplicated consistently.

Several phenomena were observed that had to be individually tracked down
and explained:

a) Sudden drop in arc power

b) Sudden rise in arc power about 30 seconds after
startup

c) Periodicity in arc power

Sudden Drop in Arc Power - The sudden drop in arc power was mostly observed
after approximately six minutes of continuous stable arc operation, The time of
drop in power was also found to depend on whether or not a new electrode holder
was used in the test. This difference in time of sudden drop in power which was
associated with a rise in the arc current had to be attributed to the electrode
holder. When the electrode holder which is machined from boron nitride was finally
tested for conductivity it was found that the holder had become surface conductive.

Two reasons for surface conduction could be found, diffusion of tantalum
into the boron nitride or coating of the boron nitride by the filler of a durabola
washer which was used in the engine to improve the distribution of the incoming
propellant gas for cooling. Both possible causes for the surface conduction of
the boron nitride were eliminated and from then on no further drop in power com-
bined with a current rise was observed.
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Periodicity in Arc Power - Periodicity in arc power has been observed
only twice. Yet that it occurred indicated that there exists a resonating
system in the plasma arc jet engine that can be tuned in by some possible com-
bination of power, propellant flow rate, and electrode setting. The periodicity
is actually a kind of instability. The arc power would jump instantaneously
to a higher value and remain constant at that level for about 15 seconds, and
then return instantaneously to the lower power level and remain at that level
for about 10 seconds. As this phenomenon was observed only twice and could not
be duplicated, it was impossible to pin down the interaction to either the
volume in the propellant feed system or the thermal storage capacity of the
engine.

Sudden Rise in Arc Power - It was observed that the engine operation would
be most stable and at the desired voltage-current relation when a sudden jump in
arc power occurs after approximately 20 seconds, This increase in arc power was
found to be due exclusively to a jump in power which is measured in the power
line going to the engine body, that is, the nozzle electrode, When observing
closely the operation of the engine and the three indicated line powers on the
Sanborn chart a close correspondence between the appearance of the exhaust and
the power of the nozzle line can be found. Whenever the brilliance of the ex-
haust suddenly increases, as if the arc is drawn into the divergent section of the
nozzle, the sudden increase in the power occurs, This increase in power is
accompanied by a drop of all three line currents to a value of about 105 amps while
the total power is 30 kw, If the electrode setting and the vortex sleeve position
is correct the arc will jump to the higher power with the low currents and remain
there.

3.2.1.2 Testing for the Effect of Gap Setting on the Power-
Current Relationship

Testing the Engine Y16-2 for the effect of gap setting was a major task as
the result of these tests would indicate whether Engine Y16-2 would be able to
operate over long durations. From the ablation rate data obtained with Engine
Y16-1 it could be expected that the electrodes would lose approximately 0.150 inch
length. This decrease in length would result in a change of gap setting which had
to be considered in the initial setting of the electrodes. The test results are
tabulated in Table 3. The gap setting as given in Table 3 is explained by Fig.
3.5 which is drawn to a scale of 2/1. The present result indicate that the engine
will operate over a wide range of gap settings but adjustment in the electrical
system will be required to take care of the change in the voltage-current relation.

When studying the data it should be observed that the voltages tabulated
are not actually the true voltages. These voltages were read from an electro-
dynamameter which has been calibrated for sinusoidal voltages. The indicated
voltages are about 40% above the effective voltages due to their shapes. Yet it
is interesting to observe the apparent differences in the three arc voltages which
can be explained by the configuration of the tested engine. But it should be
made clear that these indicated voltage differences are not reflected back to the
output voltages of the generator., These voltages remain perfectly sinusoidal and
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of equal magnitude, The power supply sees only sinusoidal voltages and currents.
The power factor seen by the power supply is determined only by the amount of
stabilizing inductance and the size of the capacitors.

3.2,1.3 Two Modes of Operation

An interesting phenomena was discovered during the initial operation of
Engine Y16-2, The symptoms of this mode of operation of the engine were a sudden
drop in power associated with an increase in currents and a drop in the indicated
arc voltages.,

After several runs it became apparent that the transition from the normal
operation to the high current operation was affected by the temperature of the
engine. Whenever the engine was started from cold conditions the transition
would occur in about 230 seconds. After a shutdown the operation would be normal
for a given length of time, the time being a function of the length of shutdown
and the amount of cooling with hydrogen flow during the down time.

This behavior indicated a dependence of the arc operation on the engine
temperature, Calculations were made of all possible thermal expansion effects
that could affect the operation of the arc., None of the results could explain
the observed arc behavior., It was then realized that this sudden change could
be associated with a flow change,

The Engine Y16-2 has been designed such that the propellant flow in the
engine follows a path that will assure the optimum heat transfer from the engine
to the propellant. The propellant enters the engine through the insulator and
flows into a plenum chamber which is formed by the insulator inner surface, the
metal "0" ring and the upper rim of the engine body. From this chamber the pro-
pellant flows into the outer path along the body which is formed by the body
and the deflector. The flow returns toward the front in the path formed by the
deflector and the nozzle body. At the level where the nozzle body and the
vortex sleeve come together, two slots which are machined tangentially to the
inner diameter of the vortex sleeve permit the propellant to enter the arc chamber,
The propellant tangential velocity causes a vortex flow that moves the arc and
prevents it from permanently attaching itself to one spot of the converging
section of the nozzle.

In the Y16-1 engine there has never been the problem of the arc remaining
stagnant. In Engine Y16-2 stagnation occurred several times for no easily
explained reason, when apparently all components had remained the same and the
engine was assembled as required.

A close analysis of the engine design indicated that there actually exist
two flow paths, the one that was designed into the engine and the other a leakage
path around the electrodes. By adding up the tolerances it became clear that a
larger part of the propellant flow could enter the arc chamber along the electrodes.
By having this axial flow the arc is actually forced to the wall opposing the
effect of the vortex.
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In Fig. 3.6 the flow passages in the engine are shown schematically.

19324

I__) wjt"\l’\b\b @

Fig., 2.6: Flow Passages in the Y16-2 Engine

The upper pass I is the pass with whichk the eagine was designed to opexrate.
The propellant enters the pass and is heated to increasing temperatures. The
final temperature before entering the arc chamber is approximately 30000R. The
lower pass II is the leakage pass around the electrodes, The gas flowing through
this pass remains relatively cocl before being discharged into the arc chamber,
Analyzing the flow with the heating of the propellant in pass II; it can ke seen
that on starting the main fiow of the propeliant will ent
pass I, On heating up of tixe engine the temperature of t
increases., This causes a choking of the flow in this pass and a redistribution
of the total flow to pass II, the leakage around the electrodes., With this
analysis of the flow patiern as a function of the relative magnitudes of the flow
passes and the temperature of the engine body, the observed depeandency of the
engine operaticon cn the flow and the length of the operation could be explained.
From Fig. 5,7 it can be seen how closely the tangent vertex sliots were designed
for optimum flow velocity into the arc chamber. Any redistribution of the flow
had to be detrimental. That this problem was not encountered in thke Engine Y16-1
is due to the much smallier leakage pasces possible with the smaller electrodes
and the apparently less critical flow in the smaller arc chamber.

er the arc chamber through
he gas fiowing in pass I
s
A
v

()

2

New separators that separate the two center electrades were made to very
close tolerances., This almost eliminated the visible pass. As ar added precau-
tion the electrodes were sealed into the electrode holder., After this change in
the assembly procedure had been taken, sudden drops in power associated with
a drop in the voltage and a steep increase in the curreant were no longer observed,

3.3 Performance Testing of Engine Y16-2

After engine Y16-2 had been shown to operate rsliably it was tested for
performance, The engine has been designed for a propellant weight flow rate of
5 x 10-4 1b/sec and a power of 30 kw. In the performance tests these two para-
meters ware therefore kept as coanstant as possible., The results of this test
are tabulated in Table 4., They indicate that there is no appreciable difference
between the performances of Engine Y16-1 and EBngine Y16-2 as was to be expected.
The engine performs above the specified minimum requirement of 1000 sec, specific
impulse and 0.5 1b of thrust at 30 kw.
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3.4 Long Duration Operation of Engine Y16-2

After receipt of the go-ahead by the Project Manager of WASA, long
duration operation of Engine Y16-2 was initiated. The engine was started
December 8, 1963. It operated satisfactorily for 15 hcurs when the arc oper-
ation dropped into the low power mode and remained in this mode for over 1/2
hour. Attempts to dislodge it from this operating mode failed. The currents
were lowered until a jump into the high power mode occurred. But when the
currents were raised again to bring the engine up to full power the arc jumped
back to the lower mode at about 27 kw. There were apparently no adverse
effects to the electrodes or the nozzle as no visible ablation was observed.
The run was terminated after 15 hours. Upon inspection of the engine the
nozzle was found in good condition. The electrodes had deep craters in the
center and the entire area over which arc attachment had occurred was rugged.
A picture of the electrodes after this run is shown in Fig. 3.8.

it is of interest to note that the arc apparently never moved to the
outer edges of the electrodes as no signs of arc attachment could be found in
this area. The arc must, therefore, have remained attached to the center of
the electrodes despite the fact that the arc would have been shorter by
striking from the outer edges to the nozzle.

The long duration run revealed a condition that was not appareant from
the short duration runs on which the decision to start the long duration run
was based. During the 6 hour and shorter runs all material lost came from
the center of the electrodes. The loss during these runs, however, was never
large enough to lead to the instability that was observed after 15 hours.

After the 15 hour run the electrodes were dressed and the engine was
assembled with a gap of .200 in. Upon starting, the engine operatad in the
low power mode and remained in that mode. All attempts to briug the engine
into the high power mode at a power level of 30 kw faiisd. Whenever it was
attempted to raise the power above 27 kw the arc jump=d back into the low power
mcde. After 20 minutes the arc suddenly jumped into the high power mode on
its own. From that point on the engine performed well at above 30 kw for over
4 hours when the tests were discontinued.

The results of this test are not conclusive, They actually have
raised some more questions about the conditions which determine the mode of
operation of the Y16-2 engine.

The power-current relation of Engine Y16-2 when cperating unstably is
shown in Fig. 3.,9. It can be seen that the power-current relation has two
branches. The lower branch is considered the low powver mode relation, while
the upper branch is called the upper mode operation, In the low power mode
there exists effectively no control over the arc power. In the upper mode the
arc power is responsive to increzsed applied voltage. The breaking point, that
is the point at which the arc will jump to the low power mode, is apparently a
function of the electrode tip cenfiguration., The arc will not remain in the
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Fig. 3.8 : Electrodes of Engine Y16-2 After 15 Hours Continuous Operation
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Fig. 3.9: The Instability of Arc Operation in the Y16-2 Three-
Phase Plasma Arc Jet Engine Design
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lower mode necessarily but will sometimes return on its own to the upper mode.
Return to the upper mode can also be accomplished by decreasing the current
until the arc jumps into the upper mode. The arc power can then be increased
by raising the applied voltage. Apparently, the arc is always more stable in
the upper mode at the low current. The stability of the arc at currents of
about 120 amps, however, depends on the electrode tip configuration,
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4. LONG DURATION OPERATION OF ENGINE Y16-1

4,1 Initial Long Duration Test

The difficulties experienced with the Y16-2 engine seemed to require
long duration runs for their solution, It was decided to operate Engine Y16-1
for an extensive length of time to determine if a decrease in the ablation rate
can be expected after a considerably longer time of operation. This decision
was based on the experiences of other investigators with respect to ablation
rates of the center electrodes of dc engines as was communicated to us by Mr.
Harold Ferguson, Project Manager of this contract, According to the data sub-
mitted to NASA by the other contractors the ablation rate decreased markedly
with time of operation., The longest time Engine Y16-1 had previously been
operated was 6 hours. For this time the ablation rate was equal to the ablation
rate of several shorter runs, lasting from 1/2 hour to 4 hours and 40 minutes,

Engine Y16-1 was operated for 24 hours at a power level of 30 kw. The
run had to be terminated at that time because of a delay'in the delivery of .
additional hydrogen supply. The ablation rates for this entire run were 1.2 x
10-5 and 0.8 x 10795 g/sec respectively for the two electrodes. These rates were
about half as large as those which would have been predicted from the ablation
rate data plotted in Fig. 4.1. The ablation rates measured for the 24 hour run
indicate that Engine Y16-1 is not limited to 100 hours operation as was predicted
when considering the ablation rate data obtained from 1/2 to 6 hour duration
runs. The engine should therefore have a lifetime of at least 200 hours based
on the overall ablation rate data measured for the 24 hour test run.

4.2 250 Hour Duration Run With Repeated Restarts

4.2.1 Continuous Operation

The 24 hour run had indicated that the ablation rate of the center electrodes
of the three-phase arc jet engine is also affected by the length of time of oper-
ation and that with increasing operating time the rate decreases., The measured
ablation rates of the 24 hour run proved that Engine Y16—1 would be capable of
operating for at least 200 hours with respect to electrode life. Based on this
result it was, therefore, decided to carry out the 250 hour duration run with
Engine Y16-1.

The run was initiated December 27, 1963 at 23:58 with the thrust measuring
device having been calibrated prior to the start. During the first days of opera
tion the power varied between 29.0 and 31.2 kw, At the 30 kw power level and a
flow rate of 5 x 10~4 1b/sec the average performance of the engine was

Thrust, T 0.511 1b
Specific Impulse, ISp 1022 seconds
Efficiency,Y? 38.0 percent
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Fig. 4.1: Ablation Rate as Affected by Currents
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The pressure in the test tank as indicated by the vacuum gage varied
between 0.4 mm Hg and 2 mm Hg due to pressure variations in the steam supply
for the ejector system,

During the 250 hours four engine restarts were performed. They were
necessitated for different reasons. After 88 hours and 57 minutes an external
arc was observed originating from the electrical lead C on top of the thrust
rig and striking to the tank. Upon inspection it was found that the ceramic
insert in the Conax fitting had fractured and permitted an arc to form from the
copper lead through to the external part of the fitting which is mounted in the
bottom plate of the thrust rig. The ceramic insert was replaced. While the
test tank was open for the repair the opportunity was taken to recalibrate the
thrust rig. :

After only 13 hours and 3 minutes another arc was observed on top of
the thrust rig. Upon shutdown an electrical breakthrough in the RTV insulation
was found., The insulation was repaired. After 148 hours and 22 minutes of
accumulated operating time a shutdown occurred which was initiated by the auto-
matic protection device. During the changeover from the depleted hydrogen supply
to a fresh hydrogen supply the supply pressure increased to such a degree that
the pressure in the engine exceeded the upper pressure limit on the protection
device, After 217 hours and 53 minutes the fourth shutdown of the engine was
necessitated by another small external arc., It should be noted that all these
restarts were occasioned by problems in the equipment outside of the engine and
that there was no malfunction in the engine itself.

The run was terminated after 250 hours and 10 minutes.

4.2.2 Restarting of Engine Y16-1

During the long duration operation four restarts had taken place which
were necessitated by external equipment difficulties., These restarts were all

preceded by a complete cool down of the engine, The time at which these restarts
occurred during the long duration run are summarized in Table 19.

Restart Total Elapsed Operating Time
1 88 hrs. 57 min.
2 102 hrs. O min.
3 148 hrs. 22 min.
4 217 hrs. 53 min.

Table 5 : Restarts During the 250 Hour Duration Run

After the official completion of the 250 hour run the engine was restarted
with a total down time of 18 minutes. The start was perfect in every respect.
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The power and pressure returned to the values at which the engine had operated
before the last shutdown. This behavior indicated that no discernible changes
had occurred in the engine due to the transient heating and cooling associated
with starting and shutdown of the engine operation,.

4.2.3 Inspection of Engine Y16-1 After The Long Duration Run

After 250 hours and 10 minutes of operation and a total of five restarts,
Engine Y16-1 was taken apart for inspection. It could immediately be observed
that the electrodes had ablated such that a pronounced change of the setting of
the ends of the electrodes had occurred over the run. This change in the length
of the electrodes was not the same for the two electrodes. Electrode A, i.e.,
the electrode connected to phase A of the electrical system was shorter by a
visible amount than electrode C.

The electrodes were weighed. The electrode material loss was such that
the effective ablation rates for the two electrodes were 0.786 x 10~9 g/sec and
0.544 x 10-5 g/sec respectively., The combined ablation rate was, therefore,
1.330 x 10-5 g/sec. When the rate is compared with the ablation rate determined
for test runs lasting up to six hours this rate is found to be lower by a factor
of 2.63 and only slightly less than the ablation rate determined for the 24 hour
run,

The electrodes as they appeared after the run are shown in Figs. 4.2 and
4 3. The initial tip configuration of the electrodes is shown in Fig. 4 4.

The nozzle showed some signs of wear, The nozzle throat diameter had in-
creased by 16 mils, i.,e. the initial nozzle diameter was 0.168 in. while after
the run the diameter had increased to 0.184 in. Four radial cracks were visible,
when looking into the convergent section of the nozzle, which were almost 90°
apart. The nozzle as it appeared after the run is shown in Fig. 4,5 while for
comparison a new nozzle of the very same design is shown in Fig. 4.6.

4.2.4 Performance Testing of Engine Y16-1 After Leng Duration Run

During the 250 hours of continuous operation,gelling of the silicone oil
in the thrust measuring device had taken place. When the engine was shut down
the thrust indication did not return to its original zero because the restoring
force of the displacement transducer spring could not overcome the viscosity of
- of the gel. However, the displacement of the thrust rig under an applied force of
the order of 0.4 lbs or greater was not affected by the change of viscosity.

The thrust measuring device was drained completely and disassembled. The
jelly-like substance was taken out of the displacement transducer which was then
thoroughly cleaned. After reassembly of the thrust measuring device the tank
was filled with a new fluid. The device was recalibrated and checked out for
extraneous effects on the thrust indications, It was found that after the re-
work of the device, it had been restored to its original performance.
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Fig. 4.2: Center Electrodes of 30 KW Three-Phase Engine After
250 Hours Operation (Y16-1)

Fig. 4.3: Electrode Tips of 30 KW Three-Phase Engine After 250
Hours Operation (Y16-1)
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Fig. 4.4: Center Electrodes of 30 KW Three-Phase Engine Before Operation
(Y16-1)
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Fig. 4 ,5: Nozzle of 30 KW Three-Phase Engine After
250 Hours Operation (Y16-1)




Fig., 4.6: Nozzle of 30 KW Three-Phase Engine Before
Operation (Y16-1)
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Engine Y16-1 was retested for its performance after 250 hours of opéﬁ—
ation, and 5 additional restarts were successfully performed to satisfy
contractual requirements. The results of this test are shown in Fig. 4.7,

In Fig..'4.8.the performance data of the engine at the start of the 250 hour
test run are shown. It has to be pointed out again, as is being explained in
Appendix VII, that the variations in the measured performance are to a great
extent due to changes in the ambient pressure in the test tank, i.e. the
performance data of the engine as it is determined in the described tests are
_relative with respect to the vacuum conditions obtained with the steam ejector
system, The data presented have therefore to be evaluated with a clear. under-
standing of the discussion in Appendix VII of this report.

For comparison the analytically determined performance of Engine Yi6-1
is shown in Fig. 4.9. The upper curve is the performance of the engine when
operating with a throat diameter of 0.168 in. The lower curve is the expected
performance of the engine when operating with a throat diameter of 0.184 in.
diameter. Both performance curves assume an ambient pressure of 1 mm Hg, It
can be seen that only a slight deterioration of the performance can be expected
with the opening up of the nozzle throat by 16 mils. This analytical prediction
was borne out by the test as described above.
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S. SINGLE PHASE ENGINE TESTING

5,1 Modification of the Single Phase Plasma Arc Jet Engine Facility

Until the receipt of this contract the test facility in Building 200
had been used primarily for the testing of small attitude control engines and
for a MHD program. The propellant flow rates and the power levels employed
in those tests were substantially below the levels contemplated for the single
phase tests of this program.

" The test facility was, therefore, modified to permit operation at power
levels up to 12 kw and propellant flow rates up to 2.3 x 104 1b/sec of
hydrogen. In addition, instrumentation and equipment were added to simulate
closely the operation in the three-phase plasma arc jet engine facility.

The electrical power source for this test facility is a Behlman power
supply. This power supply is capable of delivering up to 220 voclts at fre-
quencies of 300 to 3000 cycles/sec which are continuously adjustable. The
supply is rated at 14 kva, A single phase transformer is used to simulate
supply voltage conditions over a wide range. The arc stabilizing impedance
is provided by an inductor coil, The air reactor has an adjustable movable
ferrite core to provide a continuous fine adjustment of this impedance during
operation. The core is lowered into the reactor by a reduction gear motor
which is operated from the control console. The position of the ferrite core
is indicated by the voltage drop measured across a rheostat. The complete
electrical system and instrumentation is shown schematically in Fig. 5.1.

The instrumentation is mounted in a control and instrumentation console
from which the operator can continuously monitor the operation of the arc.
The supply voltage, the arc current, and the arc voltage are displayed on
three Tektronix scopes. The approximate arc voltage, arc current, and total
voltage are measured by standard volt and current meters which have been
calibrated for sinusoidal currents and voltages, The power into the arc is
measured by an electronic wattmeter and an electrodynamometer.

The propellant supply system is shown schematically in Fig. 5.2. The
propellant is stored in two commercially supplied bottles. Only one bottle
is used during arc operation. As soon as the pressure drops below 200 psia,
a pressure switch actuates a relay which closes the solenoid valve of the
spent hydrogen supply bottle and opens the solenoid of the unused supply
bottle. The reservoir minimizes the pressure fluctuation during the bottle
changeover. The propellant flow rate is regulated by an Annin valve which has
a nominal flow coefficient of C_ = 0.02., The valve is remotely regulated by a
panel loader which operates on ghop air. The propellant flow rate is measured
by the pressure upstream of a sonic orifice. The orifice is part of a flow
measuring system which is similar to the flow measuring system for the three-
phase engine facility discussed elsewhere in this report.
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The orifice pressure is measured by a Wallace and Tiernan precision
Bourdon Tube gauge, type FA 233161, for high accuracy. For continuous
reading the output of a pressure transducer is recorded on a Sanborn
recorder. The propellant flow rate is set by adjusting the Annin valve
for an orifice pressure read off the precision pressure gage which has scale
divisions of 0.20 psi. A three-way valve permits a second pressure trans-
ducer to be connected either to the pressure upstream or downstream of the
orifice. Its ocutput is indicated on a Teledyne readout meter,

5.2 Checkout Testing of Single Phase Plasma Arc Jet Engine

Checking cut of the facility was initiated by substituting a resistor
of approximately 3 ohms for the arc. Indications were that the current
transformer measuring the arc current was damaged and had to be replaced.
Otherwise, all instruments checked out indicating the electrical values
within the expected accuracy of the standard commercial panel meters.

After completion of the initial checkout, testing of the single phase
engine was started. The first tests lasted only a few seconds after which
the fuees in the power supply blew. The cverloading of the power supply was
due to a steep rise of the current in the primary line immediately after
starting of the arc which caused the 0-200 amp meter on the control panel to
peg. The maximum current in the primary, under any circumstances, should
not have exceeded 150 amps. These calculations were verified by substituting
resistarce values ranging from O to 4 chms for the arc in the circuit.

When finally the arc was operated well below the design power it was
found that the current transformation across the transformer was about
twice the value of the voltage transformation at a power of 2 kw, i.e,, the
KVA loading of the primary circuit was twice the KVA loading of the secondary
circuit. This phenomenon of a changing current transformation occurred also
with the current transformer used to measure the current in the secondary
line, Is' The data fcy all these tests is shown in Table 6.

In the second test the capacitance, which was origirally hooked up across
the two primary lines, was placed across the lines in the secondary circuit.
This was done to correct the power factor directly in the secondary circuit
and thereby minimize the current flow through the power transformer. With this
circuit the current ratio becomes about three times the voltage ratio, indicating
that the capacitor location also had an effect on the KVA loss. The data of
this test is shown in Table 7. The reason for the low power factor was found
to be a characteristic phenomenon for transformers which always occurs when
the secondary current is rectified.

When the transformer was completely by-passed and the engine was oper-
ated directly from the Behlman power supply, the engine was started and
operated as expected, and no unpradicted currents were measured. The test
data of this run is shown in Table 8,
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5.3 Design of the Single-Phase AC Plasma Arc Jet Engine

The single phase plasma arc jet engine was designed so that it can be
operated over a wide range of powers, flow rates, and stagnation pressures,
without modification to the engine. Since the main objective of the single
phase tests was to gain an understanding of the interrelation of thermodynamic
and electrical parameters, no special effort was made to optimize the
divergent section of the nozzle of this engine.

The operating design point for this engine was selected to coincide
closely with the operating design point of the three-phase 30 kw plasma arc
jet engine. In order to obtain an effective specific impulse of 1000 seconds
the three-phase engine had to be designed for a theoretical specific impulse
of at least 1100 seconds. The higher theoretical performance, which is based
only on the thermodynamic cycle efficiency, is required to make up for the
fluid dynamic losses in the divergent section of the nozzle. From a parametric
study, a nominal design stagnation temperature of 6500°R was selected. At a
stagnation pressure POi of 1 atm and a total available power P. of 7.5 kw,
the following additional design data were obtained.

s +4
Energy addition per pound of hydrogen Z&I{ 5.7621 x 10 B/1b
. . CoA K -2 . 2
Weight flow rate per unit throat area W/A 2.2032 x 10 lb/sec-in

When a cooling efficiency of 90% is assumed, 10% of the electrical energy
is radiated, then the following values can be calculated.

4
Energy requirement per pound of hydrogen 6.40233 x 10+ B/1b
Total propellant flow rate W 1.10681 x 10 ¥ 1b/sec
Throat Area A 0.080 in.

To obtain a stagnation pressure of 2 atm with the same nozzle design at
a stagnation temperature of T0 = 6500CR.

A - +4

Energy addition per pound of hydrogen LRH 4 8964 x'10 B/1b

. . oAk -2 . 2
Weight Flow rate per unit throat area W/A 4,5307 x 10 1b/sec-in

Assuming again a cooling efficiency 7?0 = 90%

The energy requirement per pound of hydrogen 5.44 x 10+4 B/1b
Total propellant flow rate W 2.276 x 10_4 1b/sec
Total power P, required 11.795 kw
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Therefore, it can be seen that the design facilitates investigations over a
wide variety of operating conditions with a single nozzle, The complete oper-
ating range of this nozzle design is shown in Fig., 3.3,

For the expansion process, an area ratio of A/A* = 30 has been chosen.
The thermodynamic and fluid dynamic data for the two extreme conditions to be
investigated with this design are given in Table ‘9.

Stagnation Pressure Po’ atm 1 2
Expansion Ratio Po/Pex 926,77 824,85
Static exit temperature Tex' °r 747.15 864.2
Specific impulse (ideal) Isp’ sec 1120 1101
Exit Mach Number (ideal) Mex 5,77 5.51
Thermocynamic EfflClency”q Ther,’ % 43,3 49

Table ..9: Thermodynamic and Fluid Dynamic Data of Single Phasée -
Plasma Arc Jet Engine

The mechanical design of the single phase arc jet engine is shown in an
assembly drawing in Fig.. 5.4. In many respects this design closely follows the
30 kw three-phase plasma arc jet engine design. The main metal "0" ring seal,
the double regenerative propellant flow path, the encapsulation of the boron
nitride insulator into a stainless steel shell, and the ample provision for the
possible installation of nozzles with various constrictor lengths are all similar
to the design details df the three-phase engine, The main deviation from the
three-phase design is the positioning of the center electrode. The design of the
seal and easy adjustment of the center electrode could only be applied to the
single phase engine because of the different design used for the three-phase
engine.

The center electrode and the nozzle body are made out of tungsten, The
engine body is machined from molybdenum whose specifications are given in Table 10,
The gland nut, the insert, and the shell are made of stainless steel. Both in-
sulators are made of boron nitride., The metal "O" ring material is Inconel X.
Stainless steel has been used wherever the temperatures permit its application.
An effective barrier against heat flow to the boron nitride insulator is obtained
when the cold propellant enters the engine near the scaling area, This information,
gained from experience with previous engines, was obvious from the large temper-
ature gradients observed on the outside surface of the engine.
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The main metal ""O" ring seal is designed so that the sealing surfaces
are activated by a radial interference fit., Therefore, longitudinal thermal
expansions cannot open up the seal. The bolts are used only to hold the two
sections of the body together. Though an expansion of these bolts would not
cause an opening of the main "O" ring seal, precautions have been used to keep
the bolts at a temperature well below the body temperature of the engine. The
bolts are insulated from the molybdenum body by alumina washers to decrease the
possibility of arcing,

All parts of the engine are shown in an exploded view in Fig. 5.5. The
completely assembled engine is shown in Fig. 5.6, The nozzle weld which is made

using a rhenium-tungsten wire as filler material can clearly be seen.

5.4 Power Control for an AC Plasma Arc Jet Engine

Electric arcs are, in general, controlled by adjustment of the arc gap
and the applied voltage. The arc operation is sensed by monitoring the arc
current. All arc jet engines, however, are being designed with fixed electrode
spacing based on the requirements that the electrodes are made of a low-consuming
material, such as tungsten. This requirement is necessary to make a plasma arc
jet engine applicable for space operation., In addition, the plasma arc jet
propulsion system has to operate from a fixed regulated voltage source,

In general, it is assumed that electrodes are non-consuming in plasma
arc jet engines although ablation does occur over a period of time. The gradual
loss of electrode material leads to an increase of the arc gap setting, which
in turn results in a change in the arc operating point with respect to arc
voltage and arc current at a desired power. This interdependence of electrode
spacing and arc characteristic is shown in Fig.5.,7..for a dc arc engine. It can
be seen that the engine is perfectly capable of functioning well within a wide
range of gap settings which are much larger than can be expected during normal
life time operation. Such small variations, however, require continuous adjust-
ments of the power conditioning components.

A typical electrical system for a single phase ac plasma arc jet engine
is shown in Fig. 5.8. This system is actually not contemplated for space
application, It is only being used to investigate system operation features for
a three-phase plasma arc jet engine system as it requires fewer components and
simplifies the amount of adjustments and changes by one-third., The major com-
ponents of such a system are the transformer, the stabilizing ballast, the
capacitor, and the contactors. The important realistic assumption is made that
the arc jet propulsion system is only one of many systems operated from a common
space power source whose voltage output is fixed.

The power in the arc can be regulated by adjusting the transformer ratio
or by varying the effective ballast impedance. It is extremely difficult to
make continuous changes in the transformer ratio, Therefore, adjustment of the
impedance has been the most commonly applied technique,
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Fig. 5.6: Single Phase Plasma Arc Jet Engine
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The ballast impedance can either be an air cored reactor with a ferrite
core or a saturable reactor, In the case of an air cored reactor, the impedance
can be varied by moving a ferrite core, thereby changing the magnetic flux and
the reactance, The impedance of a saturable reactor is controlled by varying
a dc current in the secondary winding.

Since the plasma arc jet engine will not operate with constant power at
a constant current over long periods, the arc power cannot be controlled by
making adjustments with respect to the arc current. It is necessary to monitor
the arc power itself for its control. The device presently considered for this
application is a Hall effect device which generates a signal voltage proportional
to the product of arc current and arc voltage. Such a device has been checked
out for power measurements in the three-phase plasma arc jet engine installation.
It is shown in Fig. 5.9,

The Hall effect device can be applied for the control of a single phase
engine. In the present system the stabilization of the arc is achieved with
an air cored reactor whose impedance can be adjusted by a movable ferrite core.
Fig.5,10 gives the schematic of the control system.

The output of the Hall effect power transducer consists of a dc component
and an ac component having a frequency twice that of the supply. A low pass
filter is applied to remove this component. The small balanced signal from the
transducer is then converted by a differential amplifier to a larger unbalanced
output.

A summing amplifier compares a reference voltage with the amplified
signal voltage., The difference of these two voltages is amplified and is used
to operate either a '"core-in' or a ''core-out" actuator which operates until the
difference has been reduced to within a specified deadband. The width of the
deadband is controlled by the gain of the summing amplifier. It is mainly
determined by stability considerations,

The system, as it is described, is essentially a relay servomechanism,
Because of its simplicity, it can provide the desired information on ths useful-
ness of Hall effect devices for power control at low cost.

The 'core-in" and "core-out' control for the actuator motor is achieved
simply with silicon-controlled rectifiers. The summing amplifier and the differ-
ential amplifiers are very simple in their design and. are built in the laboratory
as a special purpose package. All of the electronics have béep mounted on a 10
inch by 17 inch chassis,

An alternative method of controlling the actuator motor, in order to
achieve a proportional, type one servo, is to arrange the silicon-controlled
rectifieér circuit so that the power proportional to the error is applied to the
motor. The circuitry for this is quite conventional. Alternatively, a pair of
saturable reactors may be used in a very straight-forward manner to do the same
job. Of the two methods, the SCR circuit is simpler and cheaper.
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Fig. 5.9: Hall Effect Device with Meter
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In Fig, 5.11 the schematic of the control system for a single phase ac
plasma arc jet engine which is stabilized with a saturable reactor is shown.
The electrical system for this case is shown in Fig. 5.12 , while in Fig. 5,13
the electrical system for a three-phase plasma arc jet engine is shown. The
components of this control system vary only slightly from the components of the
system described earlier, This system will be evaluated as soon as the needed
range of the stabilizing impedance for the single phase engine has been estab-
lished.

The control power for the saturable reactor is approximately 3% of the
arc power, while the power consumed by the power amplifier is negligible. The
magnitude of the control power appears, therefore, to be the major difference
between the use of air cored reactors and a saturable reactor at the present
time when considering overall system efficiency. On the other hand, the differ-
ence of the two kinds of stabilizing ballast has not been evaluated yet. These
are due to the difference in the electrical characteristic of the load voltage
and load current when employing either one of the two devices in the circuit,
This can be seen from Fig. 5,14,

5.5 Testing of the Single Phase Arc Jet Engine

The purpose of operating and testing the single phase engine was to be
able quickly to explore various possibilities for improvements in the more com-
plex three-phase engine. Accordingly, the single phase engine was designed to
operate at the same temperatures and pressures as the large 30 kw arc jet
engine, The engine has proved its value, since a number of tests were conducted
which show the effects of different parameters on engine performance. For
example, electrode ablation rates were measured in this engine and were found to
fall on the same curve as the ablation rates measured with the large engine.

The tests which were performed on the small engine were as follows:

Correlation with the engine design curve
Operation with ac, dc, and rectified ac

Stable operation over a range of power levels.
Operation at unity power factors

Arc electrical characteristics

Measurement of ac electrode ablation rates
Measurement of dc electrode ablation rates
Measurement of electrode and nozzle body temperatures
Measurement of nozzle erosion

Operation at off-design pressure levels

Use of tungsten and thoriated tungsten electrodes
Effects of frequency on engine operation

. - . a

.

. . -

-
= O WOWJ0whWwNH-

[
N

5.5.1 Correlation With the Design Curve

The design curve for the single phase engine was given in Fig. 5.11, 1In
addition, the calibration curve for the propellant flow meter is shown in Fig., 5.15.
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Fig, 5.12:

Electrical System for Single Phase AC Plasma Arc Jet
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Fig, 5.14: Electrical Characteristics of External Impedance Stabilized Arcs

-113-
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Fig. 5.15: Orifice Calibration for Hydrogen (18 mils)
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The engine was usually operated at an orifice pressure of 80 psia which can be
seen to correspond to a flow rate of 1.0 x 10~4 1b/sec. This flow rate gave a
measured stagnation pressure of 14.7 psia at a power level of 7.5 kw, which is
in agreement with the design curve. Therefore, it may be concluded that the
thermodynamic analysis which led to the construction of the design curve has
been experimentally validated by the actual engine operation,

5,5,2 Operation With Different Current Forms

The engine was designed primarily to operate with alternating current.
It has also proved useful in tests with rectified alternating current and with
direct current, The rectified ac tests were conducted by using the Behlman
ac power supply, but operating with an increase in the stagnation pressure.
The increased flow rate and stagnation pressure decreased the ionization suffi-
ciently that the engine was able to conduct current in only one direction, that
is from the center electrode to the nozzle. Operation in this manner reduces
the power factor considerably but it permits investigation of the effects of
fluctuating direct current. For the steady direct-current tests a General Electric
DC Motor-Generator set capable of supplying up to 25 kilowatts was used.

With this power supply the engine was tested with dc at the same power
level as the ac tests so that a direct comparison between ac and dc operation
became readily available. Results of the dc tests indicated that the stability
of the arc is not greatly different from the ac operation, but that dc operation
produces a reduced electrode ablation at the tested power levels. This is in
full agreement with the ablation analysis which is discussed elsewhere in this
report. However, the analysis also indicates that the nozzle of a dc engine will,
under some conditions, ablate more than the nozzle of an ac engine. The primary
effect of nozzle ablation is a reduction in engine performance, whereas the effect
of electrode ablation is a reduction in engine operating life, For laboratory
purposes and for many practical engines, the problem of nozzle ablation is even
more important than the problem of electrode ablation, because it is much more
difficult to replace the nozzle than to move the electrode or insert a new one.
Consequently, the operation of an ac plasma arc jet engine may prove to be pre-
ferable to dc operation.

5.5.3 Stable Operation Over Range of Power Levels

The engine was operated with good stability over a wide range of power
levels. For instance, at one particular setting of the capacitor, the power level
was varied continuously from 4.0 to 8.0 kilowatts, simply by adjustment of the
supply voltage and the stabilizing inductance during operation. The engine was
therefore operated with both ac and dc in this wide range of power for comparison,
Using stabilizing resistances the power level could be continuously varied from
2.5 kw to 10 kw with ac or dc power supply.

5.5.4 Operation at Unity Power Factors

The arc jet engine system was operated at various power factors to ascer-
tain the effect of the electrical system on the engine stability. From
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considerations of system efficiency it is preferable to operate at unity power
factor. The values of inductance and capacitance required for this condition
at any desired operating point are shown in Fig. 5,16,

5.5.5 Arc Electrical Characteristics

The electrical characteristics of the arc jet engine were obtained ex-
perimentally for both ac and dc operation. It is important to obtain these
data to determine the effects of engine modifications on the operating properties
of the system,

The electrical characteristics can be conveniently expressed as a power-
current relationship. In Fig, 5,17, the relationship is given for dc operation
of the engine and the relationship for ac operation is shown in Fig, 5.18.. The
same engine was used for both of these tests. If the two curves were superimposed,
the data points would tend to form one continuous curve. Therefore, the power:-
current characteristics for this engine are not greatly different for ac or dc
operation, under the same conditions.

5,.5.6 Measurement of AC Electrode Ablation Rates

A series of tests was run with the single phase engine to determine
electrode ablation rates for ac arc operation. The procedure used was to measure
the electrode weight before and after a measured time of testing. The test
times as well as the power levels were varied at a constant electrode gap setting.
It was found that the measured ablation rate was not affected by the duration of
the test for test times up to about three hours. This is in agreement with the
results of the three-phase engine ablation tests as discussed elsewhere in this
report. It means that ablation is not affected by starting, and that loss of
material from the electrodes is a continuous process. This is true at least for
electrodes that are properly designed. If, however, the electrode is improperly
designed, the loss of material may be rather large during initial operation
until the electrode contour assumes a more efficient geometry.

The data obtained with these tests are plotted in the form of ablation
rates as a function of power in Fig. 3;19 These data confirm experimentally
what had been indicated theoretically, that the ablation rate increases monoton-
ically with the power. However, this is not to imply that power is the only
independent variable affecting the ablation rate; rather a number of other important
parameters contribute to the loss of material., These include the electrode geo-
metry, electrode material, stagnation temperature, gap setting, arc current, and
the voltage-current relationship of the arc. Most of these variables were
maintained in these tests as nearly constant as possible, in order to determine
the variation of ablation rate with power level only., The comparison between
experimental and analytical ablation results is discussed later in this report.
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5,5.7 Ablation Rates for DC Engines

The 7.5 kw arc jet engine can be operated with ac or dc power without
any change in the engine configuration, Therefore, the engine was operated
with dc in the power level range of 4.0 to 8.0 kilowatts in ‘order to measure
the electrode ablation rates at various power settings. The purpose was to
compare the dc electrode ablation with the ac electrode ablation previously
discussed. It was furthermore desired to compare the dc engine electrode abla~
tion with the dc ablation analysis which will be presented later in this report.

The graph of Fig. 5.20 shows the measured values of electrode ablation
as a function of power level for a thoriated tungsten electrode. It is signi-
ficant to observe that the experimental results show agreement with the analysis
for dc engine operation, although the analysis slightly overestimates the measured
ablation rates.

The ablation rates for a dc engine operating with a tungsten electrode
have also been measured over the power range of 4.0 to 8.0 kw, These ablation
rates were in the range of 0.4 X 107° to 0.7 x 1075 g/sec which are on the
order of ten times as large as those for the one-percent thoriated tungsten
electrode. This result was to be expected and it is indicated by the analysis
of dc ablation. Therefore thoriated tungsten electrodes are to be preferred
over tungsten electrodes when their operating temperature is below the melting
point. It should be noted that the melting point of thoriated tungsten is 100 to
300°K lower than that of tungsten.

An interesting phenomenon was observed for the dc engine with tungsten
electrode at very low power levels. When the power to the engine was decreased
below about 4 kw before the nozzle had an opportunity to come to a steady-state
temperature, the arc showed an unusual instability. The arc itself moved in and
out of the nozzle with a frequency of about one excursion per second and the
arc voltage and current values fluctuated widely at the same frequency. By
increasing the power supplied to about 4.5 kw the instability was eliminated.
However, the engine could have been operated at below 4 kw if the nozzle had
been allowed to heat up for a few minutes at a higher power level. This same
engine has been operated stably at power levels below 3 kw with ac power.

The results of this dc instability seemed to be rather severe. The
measured ablation rate was higher than expected, the electrode had a sandblasted
effect over its entire surface, and the nozzle showed evidence of temporary arcs
striking all over its inside surface., This type of dc arc instability should
obviously be eliminated or avoided during engine operation because of its
deleterious effects.

5.5,8 Measurement of Electrode and Nozzle Body Temperatures

The temperature of the electrode in the arc jet engine was measured with
an optical pyrometer. It was a Leeds and Northrup model with a temperature
range of 1075°C to 4200°C. This instrument is capable of measuring a temperature
to within about 10-20°C when used by an experienced operator. The temperatures
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were measured by sighting the hottest spot viewed through the nozzle throat and
determining its temperature. In addition, the temperature of a selected spot

on the nozzle was recorded. The spot chosen was on the outside surface of the
nozzle body, adjacent to the rim of the nozzle. This spot was selected to give
only a comparative indication of the nozzle temperature for the various tests,
since the hottest part of the nozzle cannot be viewed directly by this apparatus.

The data given in Fig., 5,21 show the variation of electrode and nozzle
body temperatures as functions of power. The electrode temperatures show a good
agreement with the analytically predicted values found from the ablation analysis.
It should be emphasized that the maximum nozzle temperature will be much higher
than the measured temperature of the selected spot. The measuréd temperatures
have been corrected for the effects of sighting through a window and a mirror.
These corrections were approximated by assuming a black body condition for the
electrode; and they indicated that the measured temperatures must be increased by
about 150°C to obtain the correct values. The nozzle body temperatures should be
increased by a lesser amount, but this is not particularly important as there is
presently no analysis with which to compare them. Therefore, the nozzle body
temperatures were not corrected and they are included only to show the general
trend of the body temperatures.

In further tests on measurement of electrcde temperatures, an interesting
phenomenon was discovered. There is a difference of about 300°C to 400°C between
the temperatures at the center of the electrode and at the outside of the electrode.
Such a situation is in agreement with the model used for ablation analysis. This
effect was shown to be reproducible for a number of tests, and the graph of Fig.5.22
demonstrates the presence of the two temperature zones. The data on this graph
have not been corrected for the effects of sighting through a window and mirror.
Such correction would raise both curves by about 150°C,

It is very important to be able to determine, both experimentally and
analytically, the electrode: and nozzle temperatures for various operating conditions.
This is because the ablation rates of the electrode and nozzle material can be
directly related to the surface temperatures. These ablation rates are crucial
information for the design of engines expected to operate for long durations.

5.5.9 Measurement of Nozzle Erosion

It is known that the nozzle of an arc jet engine undergoes a certain amount
of erosion during operation. This loss of material is due to several combined
processes; erosion, evaporation, melting, and sputtering. Apparently the problem
has not hitherto been attacked analytically, or even experimentally. Little mention
has been made of it even in the most recent literature on the subject of plasma
arc jet engines,

In the series of investigations on the single phase arc jet engine, some
measurements were made of the increase in nozzle throat area due to erosion. For
instance it was found that the nozzle throat diameter became enlarged some 40%
over its original size of about 0.040 inches during a total running time with both
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ac and dc power on the order of 15 hours. It is very important, in the design
of an engine, to be able to estimate the nozzle erosion rate in order to minimize
the loss in engine performance accompanying the nozzle enlargement,

5.5,10 Operation at Lower Pressure Levels

The single phase arc jet engine was operated at stagnation pressures below
the design pressure. The primary purpose was to determine if the predicted and
measured rates of ablation were in agreement at these levels. The pressures were
in the range of one-third to one-half atmosphere. As can be seen from Fig, 5,19,
the predicted and measured ablation rates were only in fair absolute agreement,
but they were definitely in good relative agreement with regard to their tendency
to increase with power level and decrease with stagnation pressure.

It was gratifying to note that the ablation analysis predicted correctly
the effect of stagnation pressures. The result$ are particularly important for
the design of engines operating at higher pressures with which higher engine
efficiencies can be attained. By applying the ablation analysis, an optimum de-
sign with respect to efficiency and lifetime can be obtained.

5.5.11 Use of Tungsten and Thoriated Tungsten Electrodes

The single phase engine was tested using both tungsten and thoriated tung-
sten electrodes, It was visually observed that the thoriated tungsten electrode
operated at lower temperature: The data shown in Figs., 5.19, 6.20, and 5,22 were
obtained with the thoriated tungsten electrode,

It is particularly of interest to determine the optimum amount of thoria
for the electrode. The reason that high-percentage mixtures of thoriated tungsten
are being considered is because of an investigation performed a few years ago at
the General Electric Research Laboratory (Ref. 1). This investigation studied
electrodes of tungsten with additions of thoria and other oxides as coatings,
cores or sintered materials. It was determined that an optimum concentration of
about 13 percent thoria gave superior performance not only in terms of ablation
rate but also in several other aspects of arc operation.

5,5.12 Effects of Frequency on Arc Engine Operation

The single phase plasma arc jet engine was operated over the range of fre-
quencies from 300 to 1400 cycles per second. The purpose was to discover the
effects of frequency on electrical characteristics, rectification, starting and
stability of the arc engine.

The system that was used to investigate these effects is shown in Fig. 5,23.
It employed an auxiliary starter that was shorted out after the engine began
running. Stability was obtained by use of a ballast resistor in the arc engine
circuit. Although this resistor caused a power loss it was preferable to an in-
ductance-stabilized system, The reason is that the values of inductance and
capacitance which are required to give a power factor near unity change greatly
over the frequency range of interest, Therefore it would be necessary to change
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capacitors and inductors frequently during the testing in order to obtain the
required range of impedance variation. Since that would require starting and
stopping the engine several times during the tests, it was decided to use
resistance-stabilization instead.

5.5.12.1 Electrical Characteristics

The procedure uséd in this testing was to vary the power supply frequency
while maintaining the power level and flow rate constant. In the graph of Fig.
5.24 the variations of arc current and voltage are shown for a power level of
4,2 kw over the range of frequencies 400-1000 cps. Notice that the voltage and
current are both essentially constant. This leads to the conclusion that there
is no significant effect of frequency on the arc impedance. Therefore the arc
may be considered as a pure resistance with no elements of inductance or
capacitance. In Fig., 5.25 a similar test was run at higher power over the
wider frequency range from 300-1400 cps. Again the arc current was found to
be constant over the range of frequency. At a frequency of 350 cps the current
became rectified.

Pictures were taken of the current and voltage traces cn an oscilloscope
over the range of frequencies tested. These pictures are shown in Fig.5.26.
It can be seen that there is no significant change in the shape or size of the
voltage or current curves as the frequency is varied. The current trace is
always a slightly distorted sinusoid and the voltage is essentially a square
wave with reignition spikes. As the frequency is decreased the traces are
naturally spread out until, at 400 cps, the sweep rate was changed so as to
keep at least one complete cycle on the screen. These pictures again demonstrate
that there is no significant effect of frequency bn the electrical characteris-
tics of the arc engine,

Arc Rectification - It was previously shown, with regard to Fig. 5.25,
that when the frequency is decreased at a constant power level, a point is
reached where the arc current becomes rectified. This is an expected result
because, as the frequency decreases, the time between successive arcs striking
between the electrodes increases, Therefore the electrodes have more time to
cool off between current surges. Since the current is carried by thermionically
emitted electrons, a high temperature is required for the arc to strike. Now
the inside electrode is relatively small and is partly shielded by the body
from radiation loss. Therefore it stays hot enough to emit enough electrons
to carry the current. However the nozzle is rather large and is regeneratively
cooled by propellant flow, conduction and by radiation. Therefore it becomes
sufficiently cool at low frequencies that it cannot emit enough electrons to
carry the current flow. Therefore, at low frequencies, the electrons will flow
only from the center electrode to the nozzle and the current will be rectified.
In order to obtain a non-rectified arc at low frequency, it is necessary either
to increase the power level or decrease the propellant flow rate, so that the
nozzle will attain a higher temperature.

Starting - The starting of the arc was accomplished readily at all
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frequencies tested in this program. It was done by using a high-voltage
auxiliary starting supply in combination with a low chamber pressure and an
auxiliary starting gas (argon). The arc started easily in all cases although
it normally began with a rectified current. As the argon flow was turned

off and the power increased the current would attain a non-rectified form
provided the frequency and power level were sufficiently high.

5,6 Conclusions

The following observations and conclusions can be made about the single
phase engine tests:

1. The single phase arc jet engine has been operated over
a range of powers with ac, dc and rectified ac. The
engine performance is in agreement with the theoretical
design curve, thereby validating the thermodynamic analysis
on which the design was based.

2. Electrode ablation rates have been measured for tungsten
and thoriated tungsten electrodes with ac and dc power,
Good agreement with the analytically predicted values has
been obtained.

3. Electrode temperatures have been measured and have been
shown to be predictable by analysis.

4., Starting, stability and electrical characteristics of an
arc engine are not affected by frequency, over the range
of 300-1400 cps. However, rectification is more difficult
to prevent at the lower end of this range of frequencies.
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6. CONCLUSIDNS AND RECOMMENDATIONS FOR FUTURE EFFORTS

6.1 Conclusions

There are a number of significant conclusions which have been determined
as a result of this program., First, and most important, it has been shown that
a three-phase ac plasma arc jet engine can be operated at performance figures
exceeding 1000 seconds specific impulse and 0.5 1lb thrust at 30 kw, for dura-
tions longer than 250 hours. This engine can be started easily as shown by
the required ten restarts and by a number of subsequent restarts. Furthermore,
the performance does not significantly change with time and in fact it changed
less than five percent during the 250 hour test.

In order to design and operate three-phase engines and to achieve the
specified performance levels, there were a number of other supporting efforts
which yielded interesting and important discoveries during the course of this
program. These are summarized below:

1) Accuracy of instrumentation for performance measurements of
a plasma arc jet engine is crucial to the successful comple-
tion of a test program, The thrust measuring device,
propellant flow metering system and wattmeters must be
painstakingly calibrated against all extraneous effects. In
addition, the ambient pressure in the test tank must be
properly monitored because of its pronounced effect on the
measured engine thrust. All of these precautions were care-
fully observed in this test program.

2) A power control system was devised and operated which
automatically maintained a constant engine power level.

3) The firing order of the electrodes in a three-phase ac engine
has a significant effect on the relative distribution of power
in the three arcs. Judicious selection of a firing-order
sequence tends to maximize the output of the engine.

4) The three-phase ac plasma arc jet engine was operated over its
performance envelope, and it was found throughout to show good
experimental agreement with the analytically predicted per-
formance., Therefore, it has been shown that the computer
analysis which predicts engine performance has been completely
validated.

5) A single phase plasma arc jet engine was designed and operated
with both ac and dc power. Its operation again gave verification
of the camputer-predicted analysis. Moreover, the engine yielded
information on electrode temperature, ablation, power control
and frequency effects which was utilized in the development of
the three-phase engine.

6) There was found to be no effect of frequency on electrical
characteristics, stability or starting of the single phase ac
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engine over the range of 300-1400 cps. However, rectification
was more difficult to eliminate at the lower end of this
frequency range.

7) An ablation analysis has been derived which has been shown
successful in determining the rate of electrode erosion in
ac and dc engines. This analysis shows the effects of para-
meters such as power, current, stagnation pressure, materials,
and electrode geometry.

8) Satisfactory electrode materials for a 30 kw three-phase plasma
arc jet engine have been found to be high density thoriated
tungsten for the nozzlé and high density tungsten for the
electrodes.

9) The long duration run of Engine Y16-1 for 250 hours at design
performance has proven that three-phase plasma arc jet engines
can be operated efficiently and reliably for long missions, and
that they can be repeatedly started without loss in performance.

6.2 Recommendations

The results of this investigation have shown that a three-phase plasma
arc jet engine is practical, efficient, reliable, and long-lived. A three-
phase engine is naturally considered to be the ultimate type of engine to be
operated from a three-phase power system. Therefore, since such engines have
now been shown to be practical, the next logical step is to bring about im-
provements in three-phase engines. These improvements are generally considered
to fall into the following three categories:

1) High specific impulse - Plasma arc jet engines should be capable
of extended operation at specific impulse values in the range
1500-2000 seconds. Improvements in engine materials, design,
and operating conditions are required to achieve this gecal,

2) High efficiency - Use of revised designs, based on recently
developed analyses, show promise of bringing about significant
increases in engine efficiency. For example, operation at a
stagnation pressure of 10 atmospheres can increase engine
efficiency by at least 15 to 20 percent.

3) Basic understanding of arc jet technology - These efforts should
include further investigations into electrode ablation and the
interaction of electrical parameters in a three-phase plasma arc
jet engine,
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APPENDIX I

I. INSTRUMENTATION OF THREE-PHASE PLASMA ARC JET ENGINE FACILITY

I.1 Thrust Measuring System Design

I.1.1 Basic Considerations in the Design of Thrust Measuring
Devices for Plasma Arc Jet Engines

One of the most critical items in the evaluation of the performance of
a plasma arc jet engine is the determination of the thrust. Experience has
shown that most of the difficulties encountered in the measurement ef the
thrust are due to the relatively low thrust level, and to thermal expansion
of the arc jet engine as well as the supporting structure, power leads, and
propellant supply leads. A thrust measuring device has therefore to be de-
signed such that thermal expansions will not influence the mechanism with
which the thrust is correlated. This can be explained best by the example of
a cantilever beam type thrust measuring device. In such a device the strain on
the surface of the beam as measured by strain gages is correlated with the
thrust, The strain on the beam, however, is acutally proportional to the moment
around the point c¢f the strain gage. Any change of moment can, however, not
only be due to thrust, but also to an increase in the length of the beam, shift
of the c.g. of the engine and unrelieved thermal stresses in the leads.

A thrust measuring system, therefore, has to be designed to measure only
the change of thrust and be completely unaffected by any one of the other
changes which coincide by necessity with any change of thrust of a plasma arc
jet engine,

Two points were emphasized in the design of the thrust measuring device
for the 30 kw three-phase plasma arc jet engine. The first objective was to
eliminate the effects of possible thermal expansions in the power leads on the
thrust measuring mechanism, The thrust measuring system measures only hori-
zontal forces which cause a horizontal displacement, while the unrelieved thermal
expansion forces in the power leads operate perpendicular to the thrust force
and cannot result in a horizontal displacement. The second objective of the de-
sign was to minimize all changes due to heat radiation or to changes in power,
and propellant flow rate. This is achieved by controlling the component temperature
by an o0il bath whose temperature is controlled by cooling coils and a heater.

Provisions were also to be made that the plasma arc jet engine could be
installed into a calorimeter jacket which can be added to the basic thrust
measuring device when desired. This jacket which is suspended under the base
plate performs two functions: it decreases the radiation from the engine body
to the thrust measuring structure and it measures the radiation heat transfer
losses from the engine body surface. The basic design of the thrust measuring
device is shown in a cut away drawing in Fig. I.1, The functional design is
better realized from Fig., I.2.
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1.1.2 Design of Thrust Measuring Device

The basic thrust measuring device consists of a container suspended on
four flex plates from a support plate, The four flex plates which are attached
to the floor of the container are highly flexible over only a short length at
their ends., They are stiffened in the center portion to obtain the hinge effect
at their ends. In this design, only horizontal forces on the container can
effect a movement of the container bottom. The hinges were calculated so that
a thrust of 0.5 1b will displace the bottom plate by 36 mils against the top
plate. This displacement was made as large as possible in order to minimize
any possible displacement due to thermal expansion as compared to the displace-
ment due to the thrust. The displacement is measured by a linear displacement
transducer (Daytronic differential transformer, Model 103C-200) which was
modified to operate in oil. The displacement is measured by a linear displace-
ment transducer (Daytronic differential transformer, Model 103C-200) which was
modified to operate in oil. The displacement is indicated on a transducer
amplifier-indicator (Daytronic transducer amplifier indicator, series 300C)
which is equipped with a differential transformer plug-in unit, Type 60. 1In the
present design, the transducer is mounted on the bottom of the container which
is filled with a silicon oil (F50 Versilube, chlorophenyl silicone). The
spring activated transducer follower bears against an angle iron which is at-
tached to the top plate. The angle iron can be positioned accurately by a fine
threaded screw so that the relative position of the displacement transducers
can be adjusted to the optimum position.

A1l leads to the plasma arc jet engine are brought through the container.
The engine can either be suspended under the container on a bracket or in a
water jacket partly enclosing the engine. The temperature of all leads can
vary only over a very narrow range during power and propellant flow rate
changes by filling the container with the siliocon o0il which is kept at a con-
stant elevated temperature of 212°F. The temperature of the oil bath is
controlled by a 6 kw heater element. The heater is actuated by a Sim-Ply-Trol
temperature controller which anticipates a temperature drop below the operating
temperature of the oil bath. The power output of the heater is made adjustable
by changing the potential on the heater with a Variac. This makes it possible
to rapidly raise the temperature of the oil bath to the design operating
temperature previous to engine operation. The bath can be cooled by a water
cooling coil, After startup of the engine, the power can be cooled by a water
cooling coil, After startup of the engine, the power to the heater is lowered
to a point at which intermittent heater operation can hold the temperature
variation of the bath within a small range. Provisions have been made to
instrument the flex plates with strain gages to obtain a check on the behavior
of the displacement transducer.

When the plasma arc jet engine is suspended in the water jacket, water
can be circulated in a closed system through the jacket and an external heat
exchanger which is part of a water cooler. The power radiated to the water
jacket by the engine can be evaluated by measuring the temperature rise of the
water flowing through the jacket. This temperature rise is then compared with
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the temperature rise in an external heat exchanger with a measured power input.

The schematic of the complete thrust measuring system is shown in Fig.
1.3. The system can be operated without the water jacket even though on this
schematic the water jacket is shown as an integral part of the system,

The complete thrust measuring device is shown in Figs., I.4 and I.5.
I.1.3 Analytical Evaluation of the Thrust Measuring Design

I.1.3.1 Effect of Thermal Expansion of the Plasma Arc Jet
Engine on Thrust Indication

All thrust measuring devices have to be calibrated not only when the
plasma arc jet engine does not produce any thrust, but also when the temperature
distributions in the device and in the engine are far different from the temper-
ature distributions during engine operation. The effect of differential
thermal expansion,however, is so intimately connected with the operation of the
plasma arc jet engine that it cannot be separated from the thrust indication
during engine operation. Recalibratiocon of a thrust measuring device during engine
operation cannot confirm that the indicated displacement is due to the thrust of
the engine only. It can only re-establish that the device continues to exhibit
the same relaticon between the increment of force to the increment of displacement.

A simplified model of the present design of the 30 kw three-phase plasma
arc jet engine is shown in Fig. I.6.

E.S.

- Critical Suspension

~ End Suspension

- Insulator

Molybdenum engine body

- Tungsten nozzle

- Distance of point of suspension from joint between 1 and 2

W =0
|

Fig. I.6: 30 KW Three-Phase Plasma Arc Jet Engine Model

For comparison, the model of a radiation cooled engine is shown in Fig,
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LEGEND FOR FIGURE I,3

Sanborn Recorder

Pressure Transducer

Propellant Flow Measuring System with Sonic Orifice
Precision Pressure Gage (Wallace and Tiernan FA 233161)
Three~way Solenoid Valve

Pressure Transducer

Taber Pressure Read-Out

Pressure Transducer

Sanborn Recorder

Linear Displacement Transducer (Model 103C-200)
Differential Transformer Indicator (300C with Type 60 Plug-in Unit)
Sanborn Recorder

Heater

Contact (G.E. #CR 1055002 AEA)

Voltmeter

Powerstat {(Superior 1256C 240 Volt, 28 amp)
Sim-Ply-Trol Meter Relay Series 200

Sanborn Recorder

Water Cooling Coil

Sanborn Recorder

Wattmeter

Powerstat (Superior 117-U2 240 volt, 10 amp)
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Thrust Measuring Device with Tank Removed (Side View)

Fig, I.4
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Fig,
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Thrust
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Measuring Device Installed in Test Tank with
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Fig. I.7:: Radiation Cooled Engine Design Model

In the case of the regeneratively cooled engine, the design is very similar
to a temperature compensating system. The shortest component, the nozzle, is
the hottest part and it expands in the opposite direction from the expansion of
the longer cooler parts, the insulator and the engine body. In the case of a
radiation cooled engine all parts expand in the same direction. Yet using temper-
ature values observed on the regeneratively cooled engine during operation, a
shift of the center of gravity of 38.5 mils is found for the case that the engine
is suspended at E.S, The shift of the center of gravity can be reduced to 13.8
mils by suspending the engine at the junction of the insulator and the body. A
point of suspension can actually be found such that no shift of the center of
gravity will occur for a very specific temperature distribution in the engine.
This point is not the location of the center of gravity of the cold enginel The
point of suspension is determined from the requirement that the shift of the
center of gravity relative to the junction of part 1 and 2 of the regeneratively
cooled engine is equal to the increase in the length d. This critical pcint
exists at 1.25 inch from the joint for the present 30 kw three-phase engine design.
This point of suspension can, however, never be determined with the desired
accuracy as the temperature distribution in the engine is not known well enough.
It is, therefore, of interest to establish the possible error in the thrust
measurement due to thermal expansion, It is important to note that in case the
engine is suspended at E.S. the error due to thermal expansion will lead to a
higher thrust reading.

The applicable model of the thrust measuring device with the engine is
shown in Fig. ¥.8.

The displacement of the device due to thrust T is

T 2 coth bk 1
$=7p | P* % cinh bk 2 K +L[1' bk]
cosh —
2
where s = displacement, in,

T = thrust, 1b

P = total weight of device including the engine, 1b

b = total length of flex plates, in.

L = length of stiff section, in,
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= VP/4EL

modulus of elasticity of flex plates, 1b/in2
moment of inertia of flex plates, in4

[l >
1l

—s
N

=

e
<

C ] T
P e [ X

Fig, I.8 : Model of Thrust Measuring Device

For the present thrust measuring device, bk = 17.64

so that
coth bk =1
1
sinh bk 0

The equation for the displacements can, therefore, be simplified

T “4EI
S;:,——p-—{b+L—2—I)—J

This relation is easily recognized as the slightly modified pendulum equation
for small displacements with the additional term: 21/4EI/P

In case of a pendulum, the center of gravity is always beneath the point
of suspension. Any shift in the center of gravity is therefore equivalent to a
displacement. The model of the thrust measuring device can therefore be simplified
as shown in Fig, I1.9..
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Fig. I1.9: Simplified Model of Thrust Measuring Device

The displacement due to the shift of the centers of gravity of any of
the components of a system is given by

As,, - 2o Axyy

where Wn is the weight of the components.

Assuming that there occurred only a shift of the center of gravity of the
engine

sz _ wE ZXXcg E

W T W
. a"E

The error in the thrust measurement due to thermal expansion is then

Zxxcg E

4k L
[b + L -2 5

w
eh = TE x ]x 100

For the representative values of

10 1b
0.5 1b
b+ L = 13.5 in.

AX = .0385 in,
cgE
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the maximum error in the thrust reading due to thermal expansion is e = 5.7%,
that is when the engine is suspended at E.S. Only by suspending the engine
at the critical point can this error be eliminated completely.

1.1.3.2 TForces Between Electrical Leads in the 0il Tank of the
Thrust Measuring Device

The forces between two electrical leads which are the conductors for the
three-phase alternating current device can be found from

_ Lx Izmax
F= 2r
where F = effective continuous force, dynes
L = lead length, cm
I = peak current, e.m.u.
max

For an effective current of 150 amps the mutual force exerted upon two
conductors in the thrust measuring device is 1.182 g. It actually varies period-
jcally as shown in Fig, I.10. It can, however, be assumed that the vibration of
the leads are damped out by the o0il in which they are suspended.

Based on the same analysis and a current of 200 amps the force between the
two leads carrying a direct current would be 4.19g.

The effect of this force on the thrust indication is not easily assessed.
It can be evaluated experimentally by shortening the leads electrically and
applying voltage to the primary circuit with an inductance as load. Currents will
then flow without delivering any power, yet generating the same effect on the
electrical leads as under normal operating conditions.

I.1.3.4 Thermal Expansion of Electrical Leads

In order to assess the effect of thermal expansion of the electrical leads
in the tank on the thrust measuring device the temperature increase in the leads
had to be evaluated. The temperature difference between the leads and the oil
bath can be expressed by
°s 1%

koc ; L3/4

3
Z&T =3

where = temperature difference, °R

current, amps

lead resistance, ohms

conversion factor, 1.05839 x 1073 watt/B
length of leads, in.

thermal conductivity of oil, B/®R-sec-ft
= lead width,in,

1

1l

Oth"LLNHH
Il \
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F, dynes

Force

2000 ™

1000 [~

wv/2

~1000 f==

-2000 p=

-3000 |

-4000 C=

Fig, I.10: Relation of Forces Between
Current of 150 Amps
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kinematic viscosity of oil, ftz/sec

thermal expansion coefficient of oil, °r”

K/ PC

specific heat, B/1b-°R

1l

Vo
Fo
&

C
p

]

gravitational constant, 32.2 ft/sec2

The temperature difference was found by a trial and error solution to be 3.3°R.
This very low temperature increase from the temperature at which the thrust
measuring device will be calibrated should have no effect on the thrust indica-
tion,

I.1.4 Checkout Testing of Thrust Measuring Device

Prior to operation of the thrust measuring device, several problems
peculiar to the combination of the steam ejector system and the thrust measuring
device were investigated, in addition to the verification of the insensitivity
of the thrust indication to various operating conditions.

I.1.4.1 Elimination of Mechanical Problems

The principle of the thrust measuring device requires that all electrical
lines, propellant lines and suspension members are maintained at a uniform temper-
ature, This temperature is equal to the temperature at which the device has
been calibrated. To effect this condition, all members are submerged in an oil
bath which can be kept at a constant temperature., The oil selected for the bath
is a silicone oil, Versilube F-50, manufactured by the General Electric Company.
It was selected for the thrust measuring device because of its low vapor pressure
and its stability at elevated temperatures.

As the vacuum in the test tank is obtained by a steam ejector system the
possibility of water settling on and in the oil exists. The oil has a specific
gravity equal to water so any dissolved water can cause electrical shorts between
the uninsulated electrical lines which pass through the oil bath. In order, there-
fore, to avoid condensation of water vapor on the oil the temperature of the oil

has to be kept above the boiliéng temperatures of water at all possible vapor
pressures, i.e., above 2120F, at all times.

v The elevated temperature of the oil bath proved to have an adverse effect
on the displacement transducer which is used for the correlation of the engine
thrust with the displacement of the thrust device. This transducer is located
on the bottom of the oil container of the thrust device. After approximately
one day in the hot o0il, the weak brass spring in the transducer was found to have
taken on a permanent set. Without the action of the spring the follower was
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prevented from returning to its outmost position. This unexpected defect was
remedied by installing a steel spring external to the transducer. This modi-
fication of the transducer has been proven to function satisfactorily. The
transducer has thereafter remained unaffected by the temperature of the oil
path., The steel spring has, however, a slightly higher spring constant than
the original brass spring. The modification therefore slightly affected the
total deflection of the thrust measuring device for a given thrust., The thrust
device was recalibrated after the modification was completed.

The calibration of the thrust device was performed several times. The
results remained constant and were repeatable. The maximum deviation of the
displacement readings never exceeded the reading accuracy of the indicator meter.
The calibration curve obtained for the first test run is shown in Fig. I,1Lk. The
results of the calibration indicate that the thrust measuring device is displaced
linearly over the entire thrust range which is contemplated to be measured with
the device.

A major problem which was anticipated was the movement of the thrust de-
vice upon closure of the test tank. As can be seen in Fig. 1.5 the thrust
device is mounted on the bulkhead which travels on two rails during opening and
closing of the test tank. Great pain was taken to assure that the bulkhead keeps
its relative position at all points on the rail. A slight shift of its position
still occurs during the tightening up of the flange of the stationary part of the
test tank and the flange of the bulkhead., The tilting of the bulkhead results in
a relative movement of the thrust device by 63.4 mils., The zero shift exceeds by
13.4 mils the maximum deflection that can be read off the scale intended for the
high accuracy readings of the displacement. This problem could not be eliminated
completely by realigning the bulkhead. The present shift is due to a tilt of only
0.27 degree from the horizontal alignment of the test tank with the bulkhead.

Any greater accuracy in the alignment can hardly be expected. On the other hand
the drift of the initial zero position is such that it is opposite to the dis-
placement of the thrust device due to thrust, that is, the effect of thrust is
such as to displace the thrust device to its initial zero. All measurements of
displacement are, therefore, within the range of calibration which was shown to
be absolutely linear. By giving the thrust measuring device an initial relative
displacement, all readings can still be made on the 0 to 50 mil scale.

1.1.4.2 Testing for Extraneous Effects on Thrust Indication

In the analysis of the thrust measuring device, the four operating effects
that could influence the thrust readings were discussed. These effects are:
a) Bourdon tube deflection of the pwopellant feed line and the pressure pickup
line, b) magnetic field interaction of the power leads, c) thermal expansion of
the electrical power leads, and d) shift of center of gravity of the plasma arc
jet engine,

Bourdon Tube Effect - It was shown in:-the.earlier discussion that the
thrust device was designed and built to be unaffected by Bourdon tube type forces
and that, therefore, no indication of displacement of the thrust measuring device
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should occur with pressurization of the propellant feed line or the pressure

pickup line. To verify this prediction the feed line and the pressure pickup

line were capped off and pressurized, The pressure in the line was varied over

a range of 30 psi. Absolutely no movement of the thrust measuring device was
indicated by the displacement transducer. This test was repeated while simulating -
various thrust levels. Again the displacement of the device remained unaffected

by the pressure in the lines.

Effect of Magnetic Field Interaction and Thermal Expansion of the Electrical
Power Leads - Though the effect of magnetic field interaction and thermal expansion
of the electrical power leads can be analyzed separately, the two effects can be
separated experimentally only with great difficulty when testing for their indi-
vidual contributions to the indicated displacement of the thrust measuring device.
Both effects are due to current flow in the power leads. It was felt that only if
an influence on the displacement of the thrust measuring device could be detected
due to current flow in the power lines would an attempt be made to determine
whether and to what degree this influence was due to magnetic field interaction or
due to thermal expansion of the leads.

The analysis of the magnetic field interaction had shown that the two power
leads closest together would exert a periodically varying force upon each other,
the root-mean-square value of this force being 1.182 g. This force, however,
should not result in any displacement of the thrust measuring device because of
the symmetry of the position of the leads with respect to the thrust measuring
suspension.

The heat transfer analysis pertaining to the temperature in the electrical
power leads had predicted a temperature rise of 3.3°R above the ambient oil tem-
perature in which the leads are submerged. The minute thermal expansion of the
flexible leads should result in a force which is perpendicular to the thrust and
should therefore also have no effect on the displacement. In order to test the
thrust measuring device for these two effects, the three power leads emerging
from the thrust device oil tank were shortened electrically. This test setup is
shown in Fig, I1.12. Power was applied to the leads and the current was varied
between O and 150 amps. The power was left on for several minutes to allow the
power leads to come to a steady-state temperature,

XL

}.3

X
c

Fig. 1.12: Test Setup for Checking of Currents Effect on the
Indicated Displacement of Thrust Measuring Device
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Again, no movement of the thrust device either from the null position or from
an initial deflection due to a simulated thrust could be detected.

Effect of Shift of Center of Gravity - In the analysis of the behavior
of the thrust device it was shown that the displacement of the device due to forces
is similar to that of a pendulum. The shift of the center of gravity of the
plasma arc jet engine when suspended under the thrust measuring device should,
therefore, have a similar effect as the shift of the center of gravity of a com-
ponent suspended from a pendulum, In the worst possible case, that is when the en-
gine is fastened to the thrust device by its front end, the contribution in the
displacement of the thrust device due to the shift in the center of gravity of
the engine relative to the thrust measuring device is 5.7% of the total displace-
ment at a thrust of 0.5 1lb, This error can be completely eliminated by
suspending the engine at its critical point, that is, the point whose distance
from the center of gravity remains constant despite non-uniform thermal expansion
of the engine.

To establish the correctness of the analytical predictions, an 18 1b
weight was suspended from the thrust measuring device at various locations. This
test setup is explained by Fig. I.,13. The data obtained in this test are pre-
sented ir Table 1 and Fig. I.14.

Thrust, T, Position x, Indicated Displacement, Deflection

grams inches mils mils
0 5 - 7.8 -2.1

0 0 - 9.9 0
250 0 +27, 0
250 0.5 +27,2 +0.2
250 1.0 +28.,2 +1.2
250 1.5 +27.9 +0.7
250 2 +28.0 +1.8
250 4 +29.9 +2.7
250 4.5 +30.9 +2.,9
250 5 +30.5 +3.3

Tablell: Effect of a Shift of Center of Gravity of an 18 1b
Weight on the Indicated Displacement of the Thrust
Measuring Device

From these experimental data the maximum possible error due to a shift of
the center of gravity of the engine can be evaluated. The data show that the
thrust measuring device will indicate a displacement of 0.75 mils per inch of
shift of the center of gravity. The largest possible shift of the center of
gravity of the present engine design due to thermal expansion was calculated to
be 0.032 in. From the calibration of the thrust measuring device it was found
that with 250 g thrust the indicated displacement is 37.7 mils. The shift in
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Indicated Displacement d, mils

32

| | | [ |
()
30 ™
250 g Thrust
28
26 ™
A
~o
_6 ——
-8 I~
Zero Thrust
-10
-12 { | ] | |
0 1 2 3 4 5

Weight Position X, in.

Fig., I.14: Effect of Shift of Center of Gravity on the Indicated
Thrust Meter Displacement (W= 18 1b)
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the center of gravity could therefore result in an error of the indicated dis-
placement due to thrust of

_ 0.032 x 0.75 x 100
- 3.77

= 0.064%

The error due to the maximum possible shift in the center of gravity of the
engine is therefore far below the overall accuracy of the thrust measuring system.

L . |

| |

X

Fig., I,13: Test Setup for Determination of the Effect of a Shift
of the Center of Gravity of a Plasma Arc Jet Engine on
the Thrust Indicator of the Thrust Measuring Device

I1.1.5 Effects on Thrust Indication Under Operating Conditions

After the thrust measuring device had been checked out for all extraneous
effects and the difficulties with the displacement transducer had been eliminated,
testing of the device under operating conditions was initiated. The testing was
mainly accomplished by operating Engine Y16-1 for long durations.

During the first operational test of the thrust measuring device it was
found that the heat losses from the thrust device were almost equal to the heat
input due to radiation from the engine and the heat generated in the electrical
power leads. Only a very small quantity of cooling water was required. This
favorable condition could be attributed to the heat shields which were added to
the bottom and the front panels of the oil tank.

During the first few minutes of the first run a steady increase in the
thrust indication occurred. The thrust apparently increased beyond the time when
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the arc chamber pressure had reached steady-state value. The only explanation
for this phenomenon was a drift in the displacement zero of the thrust device.
This drift could only be attributed to a tilting of the bulkhead to which the
thrust measuring device is attached. Such tilting could be traced to thermal
expansions occurring in the test tank and the exhaust pipe. This explanation
of the observed drift pointed to the need for an absolute zero indicator, that
is, a device that would record the change of the thrust measuring device posi-
tion due to tilting of its support. The zero indicator was built with a
cantilever from which a 65 1lb weight was suspended. The cantilever beam was
instrumented with two strain gages near its solid point of suspension at the
tank support structure. The weight was submerged in a high viscosity oil to
dampen out the vibration of such highly sensitive position indicator. The
signal of the strain gage bridge was then calibrated in such a fashion that
upon moving the bulkhead to which the thrust device is attached, the recorded
shift of the thrust device is equal to the indicated shift of the position
indicator. On opening and closing of the test tank it was ascertained that

in all positions the thrust device and the position indicator recorded exactly
the same drift. With the absolute zero position indicator any drift of the zero
of the thrust device due to tilting of the test tank can now be corrected.
Application of the corrections which were indicated by the zero indicator to
the displacement indicator was shown to produce very consistent performance
data over long duration operation of the engine.

After it had been established that tilting of the test tank did occur
due to thermal expansion, attempts were made to reduce the effect as much as
possible. At the present time drifting has been eliminated almost completely.,
This is indicated by the very small drift recorded in the position indicator.
The maximum drift has lately never exceeded 2 mils which is equal te 13.1 g of
thrust or 5.8% of the measured thrust for which corrections were made in the
final performance evaluation, i.e.,, the indicated drift is subtracted from the
indicated displacement due to thrust.

The serious influence of very small tilting of the support on the thrust
reading can be recognized when realizing that tilting of the tank by an angle
of only 0.162° can cause an error of 250 g in the thrust measurement,

I.1.6 Accuracy of Thrust Measurements

The accuracy of the measurement of the thrust with the new thrust
measuring device has proven to be only a function of the reading accuracy of
the displacement transducer indicator. The repeated calibration of the thrust
measuring device has shown the movable part to be displaced absolutely linearly
against the fixed section of the device and with a hysterisis effect less than
the reading accuracy. Thé displacement is read from a scale that permits
readings with an accuracy of + 0.3 units. The thrust to be measured causes
an indication of 38 units. The possible error in the measurement is therefore

7.
0.3 x 100

®thrust =~ 38 - O19%
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The thrust measuring device is calibrated before and after each test
run, This is a precaution indicated by the possibility of changing the weight
of the thrust measuring device due to loss of oil. The total weight of oil
in the tank is about 65 1lb. The loss of about 1 inch of oil level reduces the
weight of the thrust measuring device by about 5 1b. The total suspended
weight is about 180 1lb. From the relation of the displacement of the thrust
measuring device

T 2 coth bk 1 ’
= = b+ —= _ g2t OR L. N—
S= 3 "% simb bk 2 x ‘U [1 cosh bk/z]

it can be seen that because

As . _Ae
S P

an error of 2.8% per inch of difference in oil level can be made in the thrust
determination if loss of o0il due to evaporation, spillage, or overflow is
neglected. The possible error is much larger actually than the error due to
the reading inaccuracy.

From the relation between indicated change in displacement and thrust it
can also be seen that loss of 0il leads to large changes in displacement. If
0il is lost during a test run, the thrust measurements of the run, if used at
all, should be based on the calibration after the test run to assure that con-
servative results are reported.

1.2 Design and Calibration of Propellant Flow Measuring Systems

I.2.1 Propellant Flow Rate Determination

One of the three important items of data for the determination of the
performance of a plasma arc jet engine is the propellant flow rate. It has
been recognized that the most accurate and reliable procedure for gas metering
is to correlate the pressure upstream of a sonic orifice with the weight flow
rate of the propellant at a given temperature, Such a correlation has to be
obtained by a calibration procedure,

It can be seen from the sonic orifice relation

@’“—{ﬁ(?_r .

that when an orifice has been calibrated by correlating the propellant flow rate
with the orifice pressure such a correlation remains only valid as long as the
coefficient

/ }

‘

T.. L F1
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remains constant. For any gas, the ratio of the specific heat,ér’, and the
gas constant R, are constant at room temperature. The orifice #rea, A, might
change by corrosion over a long time depending on the material used in the
manufacturing of the orifice disc. The temperature, T_, has eisher to be kept
constant by a temperature control or a correction has %o be applied to each
measurement to account for the variation of the temperature during calibration
and measurement.

Previously, the tacit assumption was made that the gas remained constant
and was always equal to the temperature of the day of calibration of the
orifice. This assumption is valid only as long as the required accuracy of
the propellant flow rate is less than 4%. In order, therefore, to improve on
the accuracy of performance measurements, the accuracy with which the propellant
flow rate is determined has to be substantially increased.

I1.2.2 Propellant Flow Measuring System Design

To obtain the required accuracy in the propellant flow measurement a
system was designed which can be calibrated and operated at a preset constant
temperature. The flow rate has therefore become completely independent of the
ambient temperature. This system is shown in a cutaway drawing in Fig. I.15.

The propellant is heated from the ambient temperature to a constant
temperature in a heat exchanger coil which is submerged in a constant temperature
pbath. The temperature of the bath is kept regulated by a thermostatically con-
trolled heater. The gas temperature at the orifice can be monitored by a
thermocouple, The orifice pressure is measured by a high precision Wallace &
Tiernan Precision Bourdon Tube gauge and is also remotely monitored by a
pressure transducer.

During operation, the largest temperature variation in the propellant
supply system was less than 20R. Such a variation in temperature results in a
propellant flow rate uncertainty of less than 0.2%. Since, however, with each
orifice pressure reading the gas temperature is recorded a correction for any
variation from the calibration temperature can be applied. This makes the
uncertainty in the flow rate due to temperature negligible.

The orifice of the system was designed to obtain a flow rate of 5 x 10-4
1b/sec with an orifice pressure of 200 psia. The smallest sub-division on the
precision pressure gage is 0.2 psia. The accuracy of the pressure reading,
therefore, can be better than 0.1%. Since the repeatability of the determina-
tion of the propellant flow rate has proven to be very high, the accuracy of
the flow measurement is mainly a function of the accuracy with which the system
can be calibrated.

I1.2.3 Propellant Flow Measuring System Calibration

Many procedures have been suggested for the calibration of sonic orifices.
All procedures have to solve the problem of determining the mass flow rate by
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Fig. I.15: Propellant Flow Measuring System
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direct or indirect means. Claims have been made for greater accuracy of some
procedures, but none is completely satisfactory. In each case the weight
flow rate has to be determined by applying thermodynamic gas relations to
reduce measured values. In most cases the gas temperature and pressure and a
displaced volume are measured. The equation of state is then applied to cal-
culate the mass flow rate. The basic principle was used in the calibration
of the two flow measuring systems in our test facility.

Two "Precision'' wet test meters, manufactured by the Precision
Scientific Company, Chicago, Illinois, were available to measure the volu-
metric flow rate. One of the meters is designed for 1 cu ft/Rev. while the
other one is rated at 0.1 cu ft/Rev. According to the manufacturer, the wet
test meters have an accuracy of better than 0.5% as long as the flow rate is
such that the speed of the meter does not exceed two revolutions per minute.

At 2.5 revolutions per minute, the accuracy of a wet test meter drops to 1% and
deteriorates rapidly with increasing flow rate. Both wet test meters were
calibrated by the manufacturer with a standard bottle supplied by the Bureau of
Standards. Since the volumetric flow rate of hydrogen at the maximum design
crifice pressure is above the capacity even of the large wet test meter for
both corifices, nitrogen was alsc employed in the calibration. By employing
nitorgen as the test gas, the vclumetric flow rate cculd be r=duced by a

factor of 3.7278 making it possible to calibrate the two orifices up to their
maximum design orifice pressure, which is 200 psia at a temperature of 100°F.

The calibration setup employed is shown in Fig, I1.16. The orifice
pressurz was set by a Heise gage (H 10342) which has a pressure range from O to
360 psia. The smallest sub-division of the gage is 0.5 psia, though the pointer
blade width is less than 1/10 of the space between the scale markirgs. The
gage was calibrated prior to its use in the Calibration and Stardards Laboratory
of the Flight Propulsion Division with dead weight testing eguipment., Before
entering the wet test meter, the test gas was bubbled through a saturator to
insure complete saturaticn of the gas with water vapor. The time elapsed
between a given number of revolutions of the wet test meter was measured with
an electric timer with a smallest time division of 1/10 seccnd. The volume
flow rate, as measured by the wet test meter, was reduced to the mass flew rate
of hydrogen at a gas temperature of 100°F by the following two egquations:

3
k Vy, (ft7) Py, (in H)0)

WH (#/8601 = 14.061 x 10_3 S

2 @100°F t(sec) x Ty, UK

k V (fts) P {(in H_O)
. _3 H2 WiM 2
WH (#/sec1@ = 3,77189 x 10
o
2 100oF t(sec) x‘TWTM (~K)
where &
Té + 459
k =
559
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which is the temperature correction factor taking into account any deviation
of the temperature of the gas from the nominal gas temperature of 100°F. The
correction which had to be applied to the measured wet test meter pressure
was taken from the Handbook of Chemistry and Physics.

Slight variations in the gas temperature of the orifice occurred., They
were mainly due to the continuous change in the gas flow rate through the
heat exchanger during calibration. The factor k was used for correcting the
flow rate to the standard calibration temperature of 100°F. The deviation of
any point was never larger than 0.25% from the line of the least square sum.
Since the wet test meters are accurate within 0.5%, the largest deviation of
the mass flow rate from the measured flow rate is well below 1%.

I.3 Calibration of Instrumentation

The third factor that enters into the determination of the performance
of a plasma arc jet engine is the input power measurement. Three electronic watt-
meters are employed to achieve the highest possible accuracy in the measurement
of the power input to the three-phase plasma arc jet engine, A rigid calibration
procedure for these three meters was initiated. The calibration circuit used
for the calibration of each meter is shown in Fig. I.17. The applied load con-
sists of a pure resistance which can be adjusted over a wide range.

The voltage across the load and the current is measured with two
Sensitive Research Instrument Corporation thermocouple meters (Model USPEW-5A,
Serial No. 941243 B&C) which have an accuracy of better than .75% at all
frequencies under consideration. The ac power is supplied by an electronic
power supply (Behlman Model 14002/L/IBET, Serial No. 201312) whose frequency
can be varied from 300 to 3000 cycles/sec. Both the current and the voltage
across the resistor are displayed on a two channel Tektronix oscilloscope and
checked for their shape and relative displacement to each other. No phase
shift between voltage and current was observed.

First the voltage of the VAW meter is calibrated against the thermocouple
voltmeter varying the voltage as well as the frequency. For the calibration of
the current, the very same procedure is followed as used for the voltage
calibration. The calibration of the meter is concluded with the adjustment of
the power indication of the VAW meter. The calibration has confirmed that the
effect of frequency on the power measurement is negligible in the range from
300 to 3000 cycles/sec. This can be seen in Table 12.

The output of the VAW meter is a dc signal voltage which is applied to
a millivoltmeter. This signal voltage can also be fed into a high impedance
preamplifier of a Sanborn recorder and can be recorded continuously. In order
to accomplish an easy calibration of the Sanborn recorder output, the voltage
output of each VAW meter was obtained at an indicated power of 225 watts,
which is equal to the full scale deflection of the millivolt meter. These
measured output voltages are for each meter respectively 21.1 millivolt, 29.13
millivolt, and 20.5 millivolt.
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Thermocouple Meter:

Sensitive Research Instrument Corp.
Universal Polyrange Model USPEW-34

Voltage: Serial No. 941243 C
Current: Serial No. 941243 B
Frequency: 1000 cycles/second
Voltage Current Power
(volts) (Amperes) (Watts)
SRI VAW SRI VAW axb VAW
(a) (b)
20 19.7 .505 . 502 10.1 10.1
39 38.5 . 700 .70 27.3 27.0
60 59.5 .872 .87 52.3 52.0
80 79.5 1.02 1.02 81.6 81.5
100 99.0 1.148 1.15 114.8 115.0
119.5 118.5 1.26 1.27 150.6 150.8
Frequency Voltage Current Power
(cps) Volts (Amperes) (Watts)
SRI(a) VAW SRI(b) VAW axb VAW
500 100 99.9 1.15 1.16 115. 115
1000 100 100 1.15 1.15 115 - 115
1500 100 99.9 1.148 1.16 114.8 115
2000 100 99.9 1.15 1.16 115 115
2500 100 100 1.15 1.16 115 116
3000 100 100 1.15 1.16 115 115
Table 12: Calibration of Electronic Wattmeter (John Fluke

Model 101, VAW Meter, No. 793)
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I.3.1 Calibration of the Hall Effect Wattmeter

The Beckman Hall Effect Wattmeter which was used with the three-phase
engine to give an extra check on the power was calibrated by duplicating the
voltage and current levels expected during arc operation. The nominal arc jet
engine power to be measured is 30 kw with a line current of approximately 150
amps and a line to line voltage of approximately 120 volts. Since the line
currents are applied to the Hall effect wattmeter through current transformers
with a transformer ratio of 200:5 the current seen by the Hall device is only
1/40 of 150 amps or 3.75 amps and the actual power measured is only 750 watts
at an indicated power of 30 kw. To simulate the arc load the resistance in
each leg of a Y connected load is approximately 18 ohms. By connecting two
300 watt lamps in parallel, a pure resistance of approximately 22 ohms can be
obtained. The calibration circuit employed is shown in Fig. I.,18.

The Hall effect meter was calibrated over a frequency range of 400 to
3000 cycles/sec and an indicated power of 5 to 32 kw, The test results con-
firmed that the meter calibration is unaffected by the frequency in the range
of calibration. The indicated power is, however, 2.7% below the actual power
at 30 kw. The calibration curve obtained for a balanced circuit is shown in
Fig. I.19.

Under certain arc operations the power indicated by the Hall effect
device is about 4 kw lower than the power measured by the VAW and the electro-
dynamometer devices. In such cases power measurements on the power supply
equipment always indicated that the power indications of the VAW and the
electrodynamometer device were consistent.
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APPENDIX II

II. EFFECT OF NON-UNIFORM ENERGY DISTRIBUTICN IN THE PROPELLANT GAS

It has been repeatedly asserted by some sources in the literature that
non-uniform energy distribution in the propellant can actually lead to a
"higher performance of a plasma arc jet engine., This is contrary to the
commonly ‘accepted position that non-uniform energy distribution can result
only in a decrease in the performance. This latter conclusion has been based
on accumulated experimental and theoretical experience of many other jet
propulsion systems,

An analytical investigation was made to determine the effect of non-
uniform energy distribution. To simplify the problem it was not assumed that
the non-uniformity of the gas is continuous but that the propellant is divided
into two distinct fractions, one of low-energy propellant and one of high-
energy propellant. Also in this first attempt the fluid dynamic and heat
transfer effects, which were shown in earlier reports to have a very strong
influence on the overall efficiency of a plasma arc jet engine, were neglected.
The analysis therefore is strictly based on ideal thermodynamic phencmena.

The energy of the gas is expressed by its stagnation temperature assuming that
complete thermodynamic equilibrium has been reached at that temperature. The
fractions are defined to be weight fractions so that

W
n oL
1w
L2
2w

where

n2 is the weight fraction of the low energy propellant

n1 is the weight fraction of the high energy propellant

If the total propellant weight flow rate is w and the total electrical
power is P, then for each weight fraction n, and stagnation temperature T, there
is a distinct weight fraction ny with a stagnation temperature T_, which is
required by conservation of energy. Since the pressure is assumed to be con-
tinuous, all conditions are determined for the same stagnation pressure.

The analysis has been carried out for two cases which differ only by

the stagnation pressure; the propellant weight flow rate w is 5 x 1074 1b/sec of
hydrogen and the total power is 30 kw. The results are plotted in Fig. II.1 to
I11.4. Though the curves of Figs. 11,3 and II.4 could have been superimposed on
Figs. II.1 and II.2 they have been shown separately for clarity. From Fig. II.1
it can be clearly seen that the theoretical specific impulse based only on ther-
modynamic consideration is 1107 sec. Only under very restricted circumstances of
non-uniformity could the specific impulse approach 1146 sec., i.e., exceed by
3.53% the specific impulse of uniform energy distribution... While the analysis
indicates a very restricted condition which gives a small improvement in perform-
ance, there seem to be an almost unlimited combination of conditions leading to a
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drastic reduction of the performance. For instance, if a very small fraction
of the gas is at a stagnation temperature of 40,000°R the efficiency can drop
to an extremely low value, as can be seen in Fig.II.4. The interesting result
is that with some fraction of the gas at such a temperature the thermodynamic

efficiency of an engine will always be below the efficiency based on a uniform
energy distribution,

The analysis has indicated that in the design of a plasma arc jet engine
all efforts should be made to obtain a uniform energy distribution in the pro-

pellant, as non-uniformity in the propellant can lead to a drastic reduction
in the performance of such an engine.
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APPENDIX III

III. ABLATION RATE OF THE ELECTRODES IN A PLASMA ARC JET ENGINE

An experimental investigation of the ablation rate of the center electrode
in a three-phase plasma arc jet engine was carried out. It indicated that the
ablation rate can be correlated with the electric power consumed in the arc.

This is shown in Fig. III.l1., The results of this investigation also made it
appear that repeated starting of the arc had no effect on the ablation of the
electrodes. From these observations it could also be deduced that ablation is
a continuous process that could be subjected to an analysis.

With all probability, ablation of the electrode material is predominantly
a process of evaporation. The rate of evaporation of the electrode material is
a function of the material properties, the temperature of the material and the
vapor pressure of the material. Contributing factors in the process of evapora-
tion are the partial pressure of the surrounding gas, the velocity of the gas
over the evaporating surface, and the temperature of the gas., In the first
attempt to determine the influence of the most pronounced parameters on the
evaporation rate of the electrode material, some of the contributing factors
have to be neglected as they would make an analysis unwieldy at the present time.

III.1 Ablation Rate of a DC Engine Cathode

The simplest ablation analysis reduces to the setting up of an energy
balance at the area of material loss of the electrode, where the ablation process
is part of a cooling process. The energy exchange process at the negative
electrode of a dc arc is shown in Fig. III1.2, The energy input into the electrode
is due to two processes.

1. Heat conduction to the cathocde from the arc column
2, Energy released by ion bombardment

This energy is removed from the cathode by feur processes

Latent heat of evaporation of electrons

Heat radiation

Heat conduction through the electrode

Latent heat of evaporatiocn of electrode material

B wWN -

To be able to set up this energy balance, several assumptions have to be
made which will later be shown to be valid by the results of the analysis.

A. The current in the arc is predominantly carried by
thermionically-emitted electrons

B. The arc column temperature is equal to the stagnation
temperature of the heated gas

C. The voltage-current characteristic of the arc is as found
experimentally and is shown in Fig, III.3
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where

D. The arc attachment region depth, d , is equal to the
electron mean-free path ¢

E, The colder end of the electrode has a constant temperature
of 1000°R

F. The cathode drop voltage is 10 volts

The energy balance equation for the cathode spot then becomes

k A(T -T) k A(T-T,)
4 c 1 AT
C A - g __° _ L __ - -
3 (Vc + Vv, ﬂo) + 3 CE AT + T coth =
c c o
+ j P A+ wlA
e o
J. = ion current density, EE%
i cm
A = area of cathode spot, cm?
A = total area of cathode face, cmz

V = cathode voltage drop, volts

V. = ionization potential of gas, volts

= work function of cathode, volts

= thermal conductivity of gas, watts/cm-"K

= stagnation temperature of gas, OK

= temperature of cathode spot, 0K

= depth of cathode}attachment region, cm

= emissivity of cathode surface, dimensionless

12 watts/cmz—oK

= Stefan-Boltzmann constant, 5.67 x 10
= thermal conductivity of cathode, watts/cm-"K

= temperature at colder end of electrode, %k

= length of electrode, cm

amp

= electron current density, 5
cm

~181-



s .
Il

evaporation rate of cathode, g/cm2 - sec

L

latent heat of sublimation of the cathode material, watt-sec/g

In order to evaluate these terms, it is necessary to determine the cur-
rent densities of electrons and ions. The electron current for a refractory
material such as tungsten can be calculated from the Richardson-Dushman equation,

j = A T2 ex - ggf
Je = % P KT
where
. 2 0,2
Ao = constant for material, amps/cm” - K
-12

€ = electron charge, 1.602 x 10 erg/volts

. -16 0o
k = Boltzmann's constant, 1.38 x 10 erg/ K

The use of this equation is discussed at length in references such as
Cobine (Ref['B ), which also points out that the ien current is space-charge
limited. Therefore, the Child's Law equation can be used for the ion current,

3/2
)

\"S
. 1 /2°€ ( c . .
i; = o7 - p > (electrostatic units)

Cc

where m is the mass of a positive ion.

It can be shown that the heat conduction in the cathode is affected less
than 0.5% by the contribution of resistance heating in the cathode. Therefore,
heat generation in the electrode can be neglected in the energy balance when
making an initial attempt to correlate ablation rates with the power in the arc.

IT1I.1!1 Tungsten Cathode

The energy balance equation can be solved by iteration to obtain the
temperature of the cathode spot for a given arc power. Using the electrical
characteristics of the engine such as given in Fig.II1.3, the area of the cathode
spot can be found. Then, since there exists a functional relation between the
evaporation rate of tungsten and temperature, the results can then be expressed
in terms of the electrode ablation rate as:a function of arc power. The curve
generated for conditions prevailing in the engine design Y16-1 is shown in
Fig.IIT.4. The analytical curve is seen to show good agreement with the experi-
mental data indicating that the most important parameters have been correlated
by the energy balance,
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It is instructive to inspect the relative magnitudes of the energy
terms. For a 30 kw arc, these values are as follows:

watts
Inputs: Heat conducted to the cathode from the arc column = 1780 ——
cm

att
Energy released by ion bombardment = 70 ¥ tzs
cm
. . watts
Outputs: Latent heat of vaporization of electrons = 1155 5
cm
. . watts
Heat radiation from the cathode spot = 307 >
cm
Heat conducted through the cathode = 391 EEEEE
cm
X watts
Latent heat of ablation of cathode = 0.4 —
cm

At this power the electron current is

_ amp

j = 255
Je Z;z

and the ion current is

amp

2

j, = 1.1
: cm

It can readily be seen that the electron current density is much greater than
the ion current density, in the region of the cathode. This is generally in
agreement with references such as Cobine or Somerville (Refs.3 and 4).

It is also interesting to note that there are only four large energy
terms. The energy input is mainly by conduction from the hot arc column; and
the energy removal occurs primarily by electron evaporation, by conduction through
the cathode and by radiation,

ITII:2 Ablation Rate of an AC Electrode

The preceding discussion has quantitatively predicted the ablation rate
for the center electrode of a dc arc engine. This result can also be used for
an ac electrode if the assumption is made that the cathode spot temperature is
nearly equal to the anode spot temperature, This assumption is reasonably valid
for cases when the anode is well cooled; however, in other situations the anode
may be somewhat hotter than the cathode.
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In this section, the results of a number of extensions to the analysis
will be presented., The following general analytical procedures will be given
which are applicable to both the three-phase engine and the single phase
engine:

. Aplation rate of an anode
. Ablation for an ac electrode

. Thoriated tungsten electrode ablation
Methods to decrease the electrode ablation
IIX.2.1 Ablation Rate for an Anode
The procedure to calculate the ablation rate for an anode follows much
the same lines as that for a cathode, as was discussed in the previous section
of this report. The model is similar to the model for the cathode, except that

the energy inputs for the anode are

~ energy of condensation of the electrons

- conduction from the arc column
Energy is released from the anode by

~ heat radiation
- conduction through the anode

- evaporation of anode material

Therefore, the energy balance equation for the anode has the form

(%1[) + €T ™ 4 WL
(o]

k (TO—T) ka(T-Tl)
J @ +V) + -8 = coth
e o a.

d B L
a a
where 2
je = electron current density, amp/cm
ﬂo = work function of anode, volts
Va = anode voltage drop, volts
k = thermal conductivity of propellant gas in the anode space,
€ watts/cm-°K
To = stagnation temperature, °k
o
T = temperature of anode spot, K
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d = depth of anode attachment region, cm

a
ka = thermal conductivity of anode material, watts/cm—oK
2
A = area of anode spot, cm
2
A0 = total area of anode face, cm
€ = emissivity of anode surface, dimensionless
o -12 2
= Stefan-Boltzmann constant, 5.67 x 10 watts/cm
. . 2
w = evaporation rate of anode, g/cm -sec
L = latent heat of sublimation of the anode material, watt-sec/g

In order to evaluate the terms in the energy balance equation, it is
necessary to determine the electron current density. At the anode, the electron
current is space-charge limited due to the sheath of electrons which builds up
around the anode surface, Therefore, the electron current density is given by
the Child's law equation

3/2

2.33 x 10°° v,)
j =

€ 1823.3 M daz

where M is the weight of the particles, which in this case are electrons.

Several assumptions were employed in setting up the energy balance equa-
tion at the anode.

A. The current at the anode is carried by the electrons,
i.e., no positive ions are released at the anode

B. The arc column temperature is taken equal to the stag-
nation temperature of the gas

C. The voltage-current characteristic is known

v, The arc attachment region depth, d,, is considered
equal to an electron mean-free path

E. The cool end of the electrode is at a constant temper-
ature of 1000°R

F., The anode drop voltage is 10 volts

The energy term in the equation which accounts for conduction through the
anode has a factor coth (ATT/AO). This is to account for the fact that the anode
spot does not, in general, cover the entire anode surface and therefore the con-
duction is actually three-dimensional.
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The evaporation rates of tungsten and thoriated tungsten are given in
Figs. III.5 and II1.6. These rates were obtained by utilizing data from
several sources and a semi-empirical equation for evaporation rate. The electron
emission rates of tungsten and thoriated tungsten are given in Figs., IIL.7 and
III.8.

The results of this analysis indicate that the center electrode of a dc
engine will be about 200°C hotter when it is an anode than when it is a
cathode., This means the ablation rate is about 10 times greater at the 30 kw
power level for the center electrode operating as an anode than when it operates
as a cathode, From this the following conclusions can be drawn:

1. The nozzle of a dc engine, which is normally the anocde,
is expected to experience rather large ablation rates.

2. The ablation rate of a dc engine which operates with the
center electrode as the anode is very large compared to
the ablation rate of the cathode. Therefore, a dc
engine should never be operated with the center electrode
as the anode, as the resulting severe electrode ablation
will cause engine failure in a very short time.

I11.2.2 Ablation for an AC Arc

The ablation rates have been calculated for the electrode of an arc jet
engine when the electrode is a cathode and when it is an anode. Now these
analyses will be combined to obtain an analysis for ac operation. The model
to be used for this purpose will postulate a quasi-steady state situation, as
shown in Fig. III.9.

During the time that the electrode operates as a cathode, it will ex-
perience an energy input due to ion bombardment. The energy is given by

E, =4, (V, +V_-8)

where 2
j. = ion current density, amp/cm

V., = ionization potential of propellant gas, volts
V = cathode voltage drop, volts
# = electrode work function, volts
Therefore, on a time-averaged basis, the ion bombardment energy is
Ji
== (V, + V -
Ei 2 ( i c ﬂo)

since the electrode operates as a cathode only half the time,
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Fig. III.8: Electron Emission Rate for Thoriated Tungsten
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Consider now the energy terms associated with the electron movement.
When the electrons leave the electrode, they remove the energy E = Jefo. When
the electrode becomes an anode, the electrons return, bringing in énergy given
by E = jg(#,+Vy). However, the electrons originate only from the hot spot on
the electrode, whereas they presumably return to the entire electrode face.
Therefore, the energy input to the hot spot must be multiplied by the factor
(A/Ao) .

Therefore, the net energy input to the hot spot associated with the elec-
tron movement is given by

>

I
e T2 L Vo * ﬂo) A ﬂo}
o

where the division by two is to account for the time averaged basis.

Therefore, the energy balance equation for the electrode in ac operation
becomes

J J. k (T -T)
e A i g o 3
2 [(Va * ﬂo) A ﬂo] *t 3 (Vc + Vi N ﬁo) * d -
o c
k (T-T.) .
€a T4 + <1 coth(A—\l—T\—)+ wL
Lo A

The results of this analysis are plotted in Fig.III.10. They show a good
agreement with the experimental data obtained with the three-phase engine.

The ablation rate of the electrode of an ac engine can now be compared
with the ablation rate of the center electrode in a dc engine. The analysis for
a dc cathode was presented in a previous section of this report. In Fig.III.Il
the comparison between these two ablation rates is made for 30 kw power engines,
It can be seen that the ablation rate of an ac engine electrode is slightly larger
than the ablation rate for the anode of a dc engine at the 30 kw power level.
However, the ablation rate for the anode of a dc engine is expected to be slightly
greater than for the ac anode. This is because an anode normally operates at a
much higher temperature than does a cathode or an ac electrode unless it is pro-
vided with a large amount of internal cooling.

I1]1.2.3 Thoriated Tungsten Electrode Ablation

The ac ablation analysis has been applied to a thoriated tungsten electrode
in the three-phase engine. For this case most of the values are the same as those
used for a tungsten electrode except that certain material values are changed.
However, it is very difficult to establish some of the correct material values
because of the scarcity of data in the literature. For example, the electron

-193-




, g/sec x 105

W

Ablation Rate

| I | | | |
o Experimental Data
L
Analytical Prediction
o
"
| 1 | | 1
5 10 15 20 25 30 35

Fig, III,10:

Power P, kw

Ablation Rate of a Tungsten Electrode in an AC Arc at
Stagnation Pressure One Atmosphere

-194-




g/sec

-5

Ablation Rate W, 10

Material: Tungsten

o | | | 1 I |

0 5 10 ‘ 15 20 25 30
Power P, kw

Fig, III.11: AC and DC Ablation Rates of the Center Electrodes
Three-Phase Engine, Atmospheric Stagnation Pressure

~195-



emission of thoriated tungsten is usually written in the form

2 ’
. = A _
Je 1T exp ( bo/T)

where values of A_ and bo are reported by different sources (Ref. 5 and 6) as

1
A = 0,33 b = 23,200

1 1)
A1 = 3-15 bo = 30,100-33,600
A = 35.5 b = 35,400

1 o}

= = 4

Al 3 bo 29, 340

The third set of constants were actually used in the calculations for the
thoriated tungsten electrodes because they come from an actual experiment graph.
However, this points up the uncertainties in the material values for thoriated
tungsten.

Therefore, the analytical result for the ablation rate of thoriated
tungsten electrodes is necessarily uncertain until the constants used in the
energy balance equation are verified. The results of the ablation analysis
for thoriated tungsten electrodes are shown in Fig. III,12., From these it can
be concluded that thoriated tungsten should ablate somewhat less than tungsten.
The difference between tungsten and thoriated tungsten will probably not be as
large as indicated by this analysis which is based on rather uncertain material
data,

Not snough experimental data have been obtained with the thoriated tungsten
electrodes to enable a fair comparison with the analysis. However, the ablation
rates thus far measured seem to show that the thoriated tungsten ablation curve
actually lies very close to the tungsten curve at the 30 kw power level. The
reascon for this rather high ablation rate for thoriated tungsten is apparently
the presence of melting on the surface of the electrode. Electrodes should
never be used at temperatures above their melting point because the ablation
rate can get very high. The melting point of thoriated tungsten is 100-300°K
lower than for pure tungsten.

I11.2.4 Operation at Higher Pressures

It has been shown elsewhere that greater thrust efficiency can be obtained
if an arc jet engine can be designed to operate at higher than atmospheric
pressure. However, there has been some question as to how great an effect this
would have on the ablation rate.

The preceding analysis can be applied to the case of an arc jet designed
to operate at a stagnation pressure of two atmospheres and at the same specific
impulse as the one atmosphere engine. The results of the analysis are shown in
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Fig.II1.13. It can be seen that the ablation rate is somewhat higher for oper-
ation at the higher stagnation pressure.

I11.2.5 Methods to Decrease Electrode Ablation

When a reliable analysis for electrode ablation is available, possible
methods to decrease the ablation rate can be determined. The analysis indicates
that ablation rates can be influenced by changes in the materials, the geometry
of the electrodes or the operating conditions.

The important characteristics for an electrode material are to withstand
high temperatures, to have a high electron emission rate, and a low evaporation
rate, The parameter (jo/w) has been devised to provide a useful comparison
between different materials., It will be defined as the Relative Emission Factor,

that is ] 2 1 (8 € - 1M)
J AT KT o
. — e 1 2R T
Relative Emission Factor = - = €
w C M
2
M
where - é:;;
02 = constant appearing in the vapor pressure equaticn, Pv = Cze *
® = universal gas constant, 8.317 joule/oK
k = Boltzmann's constant = 1.38 x 10-23 joule/molecule
€ = charge on an electron = 1.602 x 10719 coulemb
M = atomic mass of the material, g

A graph of the Relative Emission Factor for tungsten and for tantalum is
shown in Fig,II1.14. In order to minimize the ablation at a given power level,
it is desirable to maximize the Relative Emission Factor. Therefcre, as can be
seen from the graph, it would be preferable to operate at a low temperature and
to use tantalum rather than tungsten as the electrode material. However, in
order to achieve desired specific impulse levels with hydrogen as prcpellant, it
is often necessary to operate at a stagnation temperature of abzut 3600°K., In
this case tantalum cannot be used because of its lower melting pocint.

The effects of changes in electrode geometry and operating conditions have
been investigated both experimentally and analytically. For instance, operation
at chamber pressures as low as 5 psia has been performed. The experimental re-
sults show a slight decrease in the ablation rates which is in agreement with the
theoretical predictions,

Another modification to the electrode gecmetry which is being investigated
is to increase the size of the electrode. This procedure decreases the ablation
rate because of the increased conduction through the electrode. Therefore, the
electrode operates at a lower temperature which decreases the ablation rate, Also,
the amount of electrode material has simultaneously been increased so that the
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useful electrcde operating life has been increased in two ways. The comparison
between predicted ablation rates for 1/2 inch and 3/4 inch tungsten electrodes
is shown in Fig. III1.15.

IT1.2 Ablation Rates for a 7.5 KW Engine

The ablation rates for the electrodes of a single phase 7.5 kw engine can
be analyzed by the same procedures used for the 30 kw engine. The results of
these analyses are shown in the section of this report on single phase testing.
It can be seen that they demonstrate rather good agreement with the data even
at low power levels,

iII1.4 Conclusions

The theoretical investigation of the ablation phenomenon of electrode
material in plasma arc jet engines has yielded valuable information on the para-
meters most dominantly affecting the lifetime of electrodes. The analytical
results have shown goecd agreement with the ablation rate data measured with the
30 kw three-phase plasma arc jet engine and a 7.5 kw single phase plasma arc
jet engine, The most important results are

1. The ablation rate of plasma arc jet engines can be
predicted analytically with a fair degree of accuracy.

2. The combined ablation rate of all three electrodes in
a three-phase plasma arc jet engine is slightly higher
than the ablation rate of the cathode of a dc plasma
arc jet engine.

3. The ablation rate of the nozzle of a three-phase plasma
arc jet engine is probably less than that of a dc
engine whose nozzle functions as the anode.

4, From conclusions 2 and 3 it follows that the three-phase
plasma arc jet engine will probably operate with higher
performance but with a slightly shorter electrcde life-
time than a dc engine of the same power and performance
design,
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APPENDIX IV

Iv, SELECTION OF OPTIMUM NOZZLE AND ELECTRODE MATERIALS

IV.1 Testing for Optimum Nozzle Material

In order to arrive at a decision for the selection of the best suited
tungsten material for the 30 kw plasma arc jet engine, a comparison of three
materials was made., These three materials are:

1. Extruded tungsten with a density of better than
99.3%.

2. 2% ThO_ - tungsten extruded to a density of
better“than 99.3%

3. 2% ThO_ - tungsten sintered

2

From the operational behavior with respect to arc current, no distinct
difference between the three materials was observed., This was rather surprising
as it had been expected that the thoriated tungsten would result in higher
currents due to the higher electronic emissivity at a given temperature. This
was not found to have any effect on the arc operation in the case of the three-
phase engine operating with non-thoriated tungsten center electrodes. There was,
however, a very distinct difference in the appearance of the nozzle areas that
were exposed to the arc.

IV.1.1 Extruded Tungsten

The extruded tungsten nozzles, of which two were tested, showed a very
pronounced tendency to experience a high degree of ablation whenever the arc
stagnated., The results of these tests, in comparison with the results of the
tests with the other materials available, actually raised the question as to
whether stagnation of the arc is aggravated by the use of the non-thoriated
tungsten material. In the area where the arc stagnated deep, indentations were
made by the flow that swept the molten material into the nozzle throat. In case
of stagnation the tests had to be terminated because of a sudden rise in the arc
chamber pressure and visible signs of ablation.

While nozzles made from one batch of material indicated several small
longitudinal cracks forming after the first operation, only a single nozzle of
the second batch showed a minor fissure of no consequence. This nozzle never
cracked any more despite repeated startups and shutdowns.

IV.1.2 Extruded 2% ThO2 Tungsten

Nozzles made out of 2% thoriated tungsten behaved quite differently from
those made of pure tungsten. Right after the first operation small axial cracks
would be visible. These cracks would remain almost of the same size. A nozzle
made of this material was cycled 30 times. After inspection no difference from
the previous appearance was found, These cracks had no effect on the engine per-
formance so no attempt was made to stress-relieve the nozzle before starting
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While large removal of material was found to occur quite often with the
non-thoriated tungsten nozzle, stagnation has apparently no detrimental effect
on the thoriated tungsten nozzle. Closing of the nozzle throat has never
occurred with this nozzle and no indentations were seen in the area of arc
attachment.

Iv.1.3 2% ThO2 Sintered Tungsten

The 2% thoriated sintered tungsten performed very well during operation.
After the first test run the signs of arc attachment were almost completely
absent. However, there were a large number of axial hairline cracks and one
circumferential crack. Upon disassembly of the engine the nozzle broke completely
along the circumferential crack.

This behavior of the sintered nozzle was not unexpected as during mach-
ining the material indicated a tendency to break along the edges.

Iv.1.4 Conclusion

Of the three materials the extruded 2% thoriated tungsten was selected as
the best suited material for the plasma arc jet engine nozzle at the present
time., This material is being selected with the reservation that when a better
understanding about the stagnation phenomenon of the arc has been obtained, the
non-thoriated extruded tungsten might be considered preferable, At the present
time extruded 2% thoriated tungsten has been shown to stand up best in the pre-
sent engine design. The small axial cracks which occur after the first start-up
do not affect the engine performance nor do they deteriorate with time, This
nozzle was able to withstand a large amount of thermal cycling without faijilure.

Sintered thoriated tungsten is not acceptable as a plasma arc jet engine
nozzle material as it is highly susceptible to thermal cracking,

IV.2 Testing of Thoriated Tungsten Electrodes in Engine Y16-2

Two percent thoriated tungsten electrodes had previously been tested in
Engine Y16~-1. In those tests it was found that the ablation rate of thoriated
tungsten electrodes was much higher than the ablation rate of non-thoriated pure
tungsten electrodes,

When testing a 1% thoriated tungsten electrode in the 7.5 kw single phase
engine, ablation rate data were obtained which were considerably below those
measured with a non-thoriated tungsten electrode. This difference in ablation rate
was found for dc as well as for ac operation. Based on these data it was felt
that the earlier measured ablation rates with thoriated tungsten in the Y16-1
engine might have been erroneous and should be rechecked.

The 2% thoriated tungsten electrodes were installed in Engine Y16-2 with
a gap of zero setting (see Fig. 3.5), a gap setting that has been found to permit
the engine to operate stably at 30 kw with non-thoriated electrodes. The engine
achieved a power level of 30 kw at an average current of 116.7 amps (IA = 119 amps,
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I_ = 117 amps, I = 114 amps). The power in each line was 9.7 kw, 9.2 kw and
1?.5 kw respectively. The engine was operated under these conditions for 3
hours and 19 minutes.

After this run the electrodes were weighed and an ablation rate of 4.43 x
10-9 and 2.93 x 10-9 g/sec for the respective electrodes was determined. The
area of arc attachment was rather rugged and very uneven. Balls of metal of
various sizes had formed as can be seen in Fig.,IV,1, This appearance of the
electrodes was quite different from the appearance the electrodes had after only
1 hour operation, At that time only a very small area of arc attachment in the
center of the electrodes ctould be seen,

Comparing the 1 hour run with the 3 hour., 19 minute run it was found that
during the last half hour of the long run the engine operated rather unstably
with the mode of operation varying almost continuously. During the 1 hour run,
on the other hand, the engine operated absolutely stably in the upper power mode,
From the visible appearance of the exhaust plume and the signs of arc attachment
in the nozzle it can be deduced that the low power mode in Engine Y16-2 is
associated with an arc operation completely upstream of the nozzle throat. In
the upper power mode the arc is apparently drawn through the nozzle throat. In
the low power mode the center electrodes are therefore expcsed to much higher
temperatures. Thorium, produced from reduction of thoria by tungsten, vaporizes
at a high rate and accelerates electrode ablation., The overall high ablation
rate during the 3 hour 19 minute run might therefore have to be attributed to
the unfavorable operating condition at the end of the run.

The tests of 2% thoriated tungsten electrodes therefore indicated that
thoriated tungsten is not as good a material as non-thoriated tungsten for the
center electrodes of the three-phase plasma arc jet engine of the present design,
and testing of this material was concluded.
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Fig.IV.1l: Electrodes of Engine Y16-2 After 3 Hrs. 19 Minutes Operation
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APPENDIX V

HEAT CONDUCTION THROUGH THE ELECTRODE

In performing an energy balance at the end of an arc engine electrode,
one term that must be considered is the conduction through the electrode. This
can be done by assuming a one-dimensional heat flow at the electrode face, and
then introducing a correction term to account for the two-dimensional effects.
The analysis to determine the correcticn factor involves solution for the tem-
perature distribution in a rectangle with insulated sides and a heat source at
one end. The analysis to determine the correction factor follows:

Let us assume a two-dimensional flow pattern

p S S S S L S LS LS L L
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Let us assume a flow field

w = C 1n sinh E%E

Now sinh t can be expanded into
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Now

z o (z+ 1 an) (z - i an)
2 2 2 2
n“a

so that

w=Clnz +C 1ln (z + ia) + C 1n (z - ia) + C 1In (z + 2 ia) +
Cln (z - 2ia) + . . .
+C (In YW/a - 1n a2 - 1n (Za)2 - 1n (33)2 + e e )

When a is a constant real number, w is the complex potential due to an infinite
number of sources of equal strength 2T C equally spaced apart by a distance a.
on the y axis

3a ¢

2a 3

-2a L

~3a

Because of symmetry there can be no flow across + a/2, + 3a/2, + 5/2 a, . .

. For all practical purpose y = + a/2, + 3/2 a, . . . can be boundaries of the
flow field. Returning to

w=C 1ln sinh‘\--r-]‘—E
a
and using the relationship

sinh z = sinh ( x + iy) = sinh x cos y + i cosh x sin y
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we have
w=2C (ln sinh T—'\xcos~~TP—<y+icosh7Ixsin\'-ry>
a a a a
which becomes

+ cosh sin —

T x 2 mwy
a a a a

2 x .2‘rt‘.V>

k-]
Il
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+
[N
_<
I
Q
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/\
0
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=

1n ( sinh 125 cos I%Z + cosh IEE sin léz > - i (@ + 2 TTk)

Nl

In our case

3T . 28
3% is -
and
2 0 _ (v a C/2
d x = ( x ) - . .2 Tx 2 My 2 T . 2
sinh™ — cos’ —= + cosh™ = x sin” = y
X=ma x=ma a a a

y=0
2

™
.(erinhT—rxcoshEx cos —y+2lrcosht—pxsinh—xsinzny>
a a a a a a a a

which reduces to

X=ma
and

21 C/2
= \% = —_—
X a

X=
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Now

X . .
m = Pl ratio of equivalent source area to electrode area
sO
A
m =—-—
A
o
therefore

<%)ma (Vx) x=ma AT
(

gz = coth mMm™ = coth —
dx Joo

Therefore, the correction factor to be applied to the one-dimensional
problem is coth ATF/AO, so that the conduction term becomes

BAY
T Ax

This term has therefore been incorporated in the energy balance equation used for
the ablation analyses,

=>ha

~-210-




APPENDIX VI

MAXIMUM HEAT CONDUCTION THROUGH A GAS

In the energy balance equation for an electrode a significant part of
the heat input was found to be due to conduction from the hot arc column.
Since this conduction term is large, it should be investigated that it does
not exceed the maximum conduction possible by the kinetic theory.

From Jeans (Ref. 6, page 47),‘the maximum energy that can be transferred
by gas particles across a distance A is given by

! d'ﬁ
& (1)
where A_ is the projecticn of the free path ;{ on the z axis and E is the

energy of a gas particle, E = 3/2 kT for a monatomic gas and E = 5/2 kT for a
diatomic gas without the vibrational energy modes excited.

The maximum energy transferred per unit area is therefore

ldE K
_ (2)
where
n = particle density, cm
C = average particle velocity, cm/sec

For a gas with a Maxwellian velocity distribution

— A /2 kT
CcC =2 (3)
T m

where T  is the average temperature in the electrode voltage drop region

, To + T
T = ———— 4
> (4)

from Jeans
A
and assuming

dz =A (6)

Then equation (2) becomes

PR
% = n d-ﬁ (7)
ne™
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For a gas composed of atomic and molecular hydrogen

]
q N O ~ f2kr U=
2 - n\/=— dE_ +n ——— dE (8)
A H ’n‘mH H H2 ﬂmHz H2

From the thermodynamic relations the dissociation x and the density /) of
the gas are given. Then

n

x n +H2 n 9)
H H2
and
/] = nm. + n me (10)
H2 2
where
2mH = my (115
2
Equations 9, 10, and 11 give
Jo
nH = (1 - x) (12a)
2 H
2
ng = ;fn)—x = ipx (12b)
H H2
Also
dE,. = 5/2 k (T _-T) (13a)
H o
2
dE_ = 3/2 k (T -T) (13Db)
H o

Inserting equations (12)and(13) into equation (8) the maximum heat
transfer is given by

_ pk(To‘T) “/21{1‘ !
ZmH 7rmH2

2

=l

GWJE’ X +5 (l—xa (14)

max

This equation therefore gives the maximum heat conduction in a gas
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composed of H atoms and H_ molecules. This result can be compared with the
heat conduction terms useg in the ablation analyses. Calculations were made
for a few typical cases.

For a 1/2" tungsten electrode in a 30 kw engine:

kg(TO - T) 2
3= 52— = -1382 vatts/cm
C
% - -1.186 x 10%° watts/cm®
max

Therefore the calculated value of heat conduction is only about 1% of
the maximum possible value: according to kinetic theory.
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APPENDIX VII

VII. THE PERFORMANCE ANALYSIS OF ENGINE Y16-2

After a thorough analytical study of a 30 kw plasma arc jet engine with
respect to overall efficiency had been made, the design of the Y16 engines
was based on a weight flow rate of 5 x 10~4 1b/sec and a stagnation pressure
of 1 atm., The selection of the stagnation pressure of 1 atm was based mainly
on the observation that the ablation rate of electrode material increased with
increasing stagnation pressure. Though higher stagnation pressures would
improve the overall efficiency of the plasma arc jet engine, the desired long
duration operation of the engine made the selection of 1 atm stagnation
pressure advisable,.

Based on the firal Y16-2 nozzle design the performance of the engine
was predicted to be

Thrust T - 0.52 1b
Specific Impulse ISp - 1020 seconds
under the condition of
Propellant Weight Flow Rate W-5x 10—4 1lb/sec
Applied Power P - 30 kw
Ambient Pressure Pa - 1 mm Hg

VII.2 Accuracy and Applicability of Measured Performance

At the present time the accuracy with which the two performance values
are determined are

Efficiency ——ZL = + 4% absolute

72 ab.

é%— = + 2.45% mean

Specific Impulsef

HD
o]
n

= + 2% absolute

=+ 1.4% mean



While the actual performance of the engine can be greater or less by
the above given possible deviations due to the limitations set by the instru-
mentation, the performance of the engine itself can vary by an even greater
amount due to changes in the ambient conditions in which the engine operates.
The assumption is made that the ambient pressure in the tank is 1 mm Hg,
However, due to intermittent changes in the steam pressure which is used for
the vacuum system of the test tank, and the temperature of the exhaust gases,

the pressure in the tank can vary by + 0.5 mm Hg.

A short calculation shows

that these variations have a major effect on the performance.

The thrust produced by the engine is the sum of the momentum of the
gas and the pressure difference across the exit plane of the nozzle. This is

expressed by

vV o
- W -
2 g + A (pex pa)

T

The nozzle has an expansion ratio of po/pex = 475.

fore

P = ——=— = (0,03094 psia

The ambient pressure is 1 mm Hg
P, = 0.01933 psia
The nozzle exit area is

A = 0,986588 in2
ex

The exit pressure is there-

so that the thrust contribution due to the pressure differential is

TAP = 0,986588 x (0,03094 - 0.,01933)

= 0,01 1b

-4
and the specific impulse contribution at a flow rate of 5 x 10 1b/sec is

0.
. 0.0l 1b = 20 sec

I
PAp 5 x 104 1b/sec
If the ambient pressure rises to 1.5 mm Hg

Isp as O
/\p
If the ambient pressure rises to 2 mm Hg

=~ =20 sec

I
Ap
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On the other hand if the ambient pressure drops to 0.5 mm Hg the specific
impulse contribution increases to

~ 0.986588 x (0.03094-0.00916) = 2:021488 _ 13 cec

Isp -4
pr 5 x 10

These results are shown in tabulated form in Table 13.

p,, mm Hg 0.5 1.0 1.5 2.0

Iy, Sec 1043 1020 1000 980

A

—T'B +0.02254 0 -0.0196 -0.03921
sp

é%%l +0,045 0 -0.0392 -0.07842

40.34 38.6 37.1 35.6

—~—

Table 13: Effects of Ambient Pressure on Engine Performance

VII.2 Test Results of the Experimental Performance Envelope
Determination

It is rather important to keep the results of the section on accuracy
and applicability of measured performances in mind when interpreting the data
presented in Table 14. The data were obtained by varying the flow rate and
the power to Engine Y16-2 and always returning to the design point of 30 kw
and 5 x 10-% 1b/sec flow rate.. In Fig. VII.1l only the test data obtained
with a flow rate of 5 x 10-4 1b/sec are plotted with the analytically predicted
performance curve for this flow rate superimposed. The analytical curve has
been bounded by the accuracy limits. As can be seen, except for one data point
all test points fall inside of the test accuracy range. The performance map of
engine Y16-2 is shown without test points in Fig. VII.Z2,
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Fig, VII.1: Test Accuracy of Y16-2 Performance Test
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Fig. VII.2:

:Analytically Predicted Performance of Engine Y16-2 Design

Specific Impulse Isp' Sec.
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APPENDIX VIII

30 KW THREE-PHASE PLASMA ARC JET ENGINE DESIGN

The present design of the 30 kw three-phase arc jet engine is based on
the need for a test engine whose individual components can easily be modified
without necessitating the redesign of other parts of the engine. Although the
engine design presented in this section is not the optimum design for a flight
engine, it proved to be a very convenient design for laboratory investigation.

The materials used in the design of the engine are:

Component Material Specification
Tungsten:

Electrodes Fine grained 99.9% dense

Nozzle 2% ThO2 tungsten 99.9% dense
Molybdenum:

Body TZM Commercial

Dcflcector TZM Commercial

Vortex Sleeve TZM Commercial

Nut TZM Commercial
Boron Nitride:

Insulator Commercial

Electrode Holder Commercial

Separator Commercial
Stainless Steel:

Electrical Studs 300 Series

Propellant Studs 300 Series

Electrical Seal 300 Series

Swagelok Nut 300 Series

Set Screws 300 Series
Inconel X:

Main "'0" ring seal Commercial Grade

Electrical "0" ring seal Commercial Grade

There is a choice of material for the nut as it has been proven that
stainless steel 431 or 446 can equally well be employed.
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The weld that joins the nozzle to the engine body is made with a moly-
rhenium wire. Neither before nor after the welding operation is a stress
relieving operation required.

Assembly of Engine

No special procedures are required for agsembly ef the engine, but it
was found that there exists a preferred way of assembly.

First, the insulator should be assembled permanently with the nut and
the two Swagelok fittings. The nut is screwed over the insulator until it
reaches the stop. Then it is backed up again by at least 1/2 turn until it is
in position where the set-screw holes in the nut are 45° turned from the
electrical lead holes in the insulator. In this position four hcles, 0.15 to 0.2
in. deep, are drilled into the insulator through the set-screw holes in the nut.
The nut and insulator are locket together with the four set-screws. The Swagelok
nuts are placed into the insulator and the Swageloks with the metal '0' rings
in place are screwed tight into the nuts. Normally there should be no need
for disassembly of this section again.

Next the electrode holder and the vortex sleeve are assembled. The
vortex sleeve should fit tightly over the electrode holder. If the sleeve
moves freely over the electrode holder a piece of mica can be used to obtain
the tight fit.

The electrode holder-vortex sleeve is placed into the engine body making
certain that the vortex sleeve and the nozzle body are fitted together cecr-
rectly., The main '0' ring is put into place and the insulator is screwed on the
body with enough :torque to compress the '0' ring. This initial assembly will
fix the relation between the electrode holder and vortex sleeve.

The engine is taken apart again and the electrodes with the separator
are installed in the electrode holder. Their position is measured from the
inner shoulder of the vortex sleeve, The electrodes are held in place by
tightening the two set-screws in the electrode holder.

The deflector and the electrode holder assembly are placed into the engine
The insulator assembly is screwed on the engine body until the 'O’ ring has been
compressed by more than four mils. It is vitally important to have made sure thai
the threads in the body and the nut are absolutely clean of all foreign particles
and that the threads are well coated with a molybdenum lubricant coat (NEVER-SEEZ
is recommended).

The two electrical studs are inserted into the Swagelok fitting and alter-
nately tightened up. The contact of the studs with the electrodes is ascertained
by measuring the electrical continuity between the studs and the electrodes.

The Swagelok ferrules are placed over the studs and tightened down by the
Swagelok nut.
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Disassembly of Engine

Before trying to take the engine apart the joint between the engine body
should be thoroughly soaked with penetrating oil., After about ten minutes of
soaking the engine can be taken apart easily.

If there is any difficulty in unscrewing the insulator from the engine
body the following steps should be taken:

1. Remove the electrical studs
2. Remove the 8Swagelok fittings
If this does not improve the situation, the problem lies in the screw joint

between the engine body and the nut. Only by carefully working back and forth the
nut, using plenty of penetrating oil, can the engine be opened up.
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GENERAL (§) ELECTRIC s e
REV TITLE CONT ON SHEET SH NO.
ZSﬁSLmTFOR Three-Phase Plasma 4Arc Jet Engine, worir
Y16 SIGN.

CONT ON SHEET SH NO. FIRST MADE FOR NASA DATE
é \TEM ggg IDENU&I&Q;ION DESCRIPTION OR NAME ZONE GROUP _NO. & QUANTITY
2| 1 B | vie-1 Engine Body
;'J 2 A Yle 2 Nut
Sl 3 B | Y16-3 Insulator
3 4 A Yi6-4 Electrode Holder
E 5 A Y16-5 Split Electrode
sl e B | v16-6 Deflector
g 7 A Y16-7 Vortex Sleeve
% S A Y16-8 Nozzle
5 9 A Y16-9 . Swagelok Nut
é 10 A Y16-10 Separator
? 11 A Y16-11 Electrical Stud

12 A Y16-12 Connector Seal (modification)

13 "0" ring U6425 02250-NPN

14 "0" ring U2214-00938-NPN

15 Set Screw 1/4-20 0,4 long

16 Set Screw 1/4-20 0.4 long

17 B Y16-17 Stud

Tungsten-Rhenium Weld
B Surface Braze, Silver
SYM REVISIONS

PRINTS TO

M%Débzrt Richter APPROVALS Re-Entry. Systems.D:nBY0F PARTS LIST FOR

ISSUED LOCATION { CONT ON SHEET SH NO

FF-750-L (12-59) Rev. PRINTED IN US.A. CODE IDENT NQ.

=225~



‘ON B

133HS NO INOD

1M] 74 WIS

T T TR

|

WAOYddY | 3ivd |

NOLLdI¥0S3Q

S

m\\ﬁ mw‘ ||wr4.|w|.»w ‘-,v B B R el

T FNIONT LT D&Y |[Befgenag son3| - W00 50 1409

3iva G3A08ddY 5 WIYILYW

g P aans STOVAENS TV

| VWSS ISV T e T e

----\-.Q%Mm\%.»n_m\mq . —ee g g5 nyratva| STTONY STVAIOIN SNOLLOWS

GIA sirrr| o 15 SRS

21419311 @) 1vHIN39 LA gal 3RS BSIMEIHLO SSTINN

Ol SINIYd
»

-226-

‘ON MS

A3y _

133HS NO LNOD

3218

SNOISIAZY

SIZE

CONT ON_SHEET

REV

SH _NO.




‘ON HS 133HS NO INOD

o LM /38

I=9IA | &

NGILYIOT

1430 ¥0 AlQ

TOsY gswT T
21419313 @) 1vu3IN39

AAOG INFWT

A, A7 1V

i = Sl ———
gl g doNa|-- LTI W09 50 e
31¥0 Q3A IV WVIYILYIN
............. aanss s S3IOVAUNS TV
TTTTTTIEH%E T (ddY F ¥ ¥
I el SITUNV STVWIOIA SNOLLOVYA

_# &V 3Lva 'NO SIONYNIT0L

NILAZIS Y SIHONI NI 34Y SNOISNIWIQ
NMVYQ] G3141934S ISIMYIHLO SSITNN

OL SINIHd

1

gL'S
S
8¢
~~ [CX=H -
: 6L/
Ll _2- 7
iz ooy |
(o
- SBO
; 1=
T h - |\n|||”|”ﬂ1

_T

i

zs A e------o
- 2
¥ Hy

%SL - STHLZI -~ ©99°2

1

|

|

IVAONddY | 31va |

NOILLJI¥OS30

| WAS

‘ON HS

133HS NO INQD

_ 3218

SIZE

SNOISIATY

REV

CONT ON SHEET SH NO.

~227~



y o

"ON H 133HS NO INOD wnioy .§>_ / 7/ VIS mw_\ﬁ C 0 AN
4 i e - — - .
9LV W TN AT B
- Yot A T
715 Nww\\w\ N A A | | e TNOD
EICTq) Q3A0dddY AVIHdIIVIA
|||||||||| M@Hﬁ%J L N G E 1Y \) S30v4YNS TV
e 7 LN T & e oo
............ NG ey e STIONY STYWIOIA SNOILOVYA
-G e s IO e
91413313 @) 1VHIN39 7O TRMYEa] a3i9193dS ISIMEIHLO SSIINN
Ol SINIYd
JS 07 .
v . S8
ON9I-8f 5L
¥ ! '
/ \/ - /
‘ \
f pa |
s / N P
- ¢ | T L O
—= QMW*V ’ “F= mu \ ~
a x
. /
s | NS | %SL-SOHLZ -0992
%M e =11
CiL OF-¥ , '
Ay _ ~ L 9°0
i _|4 <0
IVAOUddY | 31va NOILdI40530 WAS
‘ON HS 133HS NO LNOD
_ SNOISIATY
AJH 3ZI1S

-228-




V'S °N NI QXLNINd "AIN (09-01) IN—ds

-229-

L7 ___-ow 3o 300 _ ‘- _ __ H & |
‘ON HS © 133HS NO INOD T EZZETAS e s 7L
B S it 39
C-9IA | I R i e =
37is .W.m\u\\m 7Y WONI oo THOD ugmens
QIA 31vd Q3IAC BdaV VI3V
- a-aNOIYOOY 2 N R a3nssi A S30v38NS TV
FTYTNI SOLYINSN/ |7 Gadv| % z %
......... W3g¥o Mg T 4% a7 31va| STIONY SWWIOIQ SNOLLOVHS
g% : 'NO SIONVYIT0L
..... FILHNYTH 7| SIHONI NI 34V SNOISNIWIA
31419313 () TVH3INI9 NMva| a313193dS 3SIMUIHIO SSIINA
04 SINI¥d
[el=) %"
e, —— e — qaln B o
0S5 4'¢
O9%¢
0oLl
~ OBY7 T |
o S9%7 _
Sz /0 05 1-00S 1 FHOF, D
HL BT ST TIHGT R / v 9l/g ,
e B L ﬁ 7 -
- _ T ospo
) A | [eXy 2o}
FENY ~|; =k B
S iy c_ﬁ S Eotaielbilealie il Sl g BN T
! 0O < ® ==
JEY Om
1 ' s * .
. / | * o vrT ST NG
. , n JIS'OF STTOHZ
RN _ - k 49 b2 R ONGI - Ve ,
o9zt ;
ocel '
U GL -SCHLZI—~ 099 2
TWAOBAdV | 31va | NOILJI¥053a [ WAS
‘ON NS 133HS NO INOD SIZE _ REV
_ _ SNOISIATY
A3Y 3218 CONT ON SHEET SH NO.

T




ON HS  133HS NO LNOO BT AVEELN e i /Al
||||| _ ! it )]
SV ey L =
= 9/A 4 A Setand .wvm TS L AT NOS O
’ 371 P . w\\...&\mozu ||||||||||||||||| TN0D NS
31vd Q3A0HddY IVIYILVIA
N Lo X e N E Q3anssi N S3OVIINS TV
OIAG, iy TN SITTOH FOOHL1D77F || 7 T & o :
e _id3g¥O NG s a5 SITONV STWWIOIA SNOILOVYA
Tne R e L
21419313 €B 1vH3N39 NMvYa| Q314193dS ISIMYIHIO0 SSTINN
OL SINIY¥d '
O#L'Z |
7
S < 5L | boL |
Lo el o
z ¥
R | § i T
; \ /;,. / y ~~ l% e |
JEEE —
Y i N 0O N
Y ,;\\ S S T
N . / ol
[ ] HIBEN
\ THL O - &
FKQP\Q\V\QQ%\ (4
IVAQHddY 3ivd NOILdIYIS3a WAS
‘ON HS 133HS NO LNOD
SNOISIATY
A3Y 3ZIS

~-230~




_ _ .
‘ON HS 133HS NO INOD WALy §>_ /, \ / 3OS nmn\ﬂ\m--ﬂwﬂ\.\wv\ﬁ«‘z |||||||||| I ZEL
) |ﬁQNYw|| ss35704n T2y O~ FW = ™
S-OIA | ¥V DA 7 e K27 INTT K|
EVARS WNNN \ 4ON3 :\AMHMNWW\._MN‘N IHOD Honewe
\\“ bnv\ 31vd | . Q@3AO¥ddY WVIHILVIA
......... %E.mmg\ﬁw\m A \J _ W\ TTTTTTTTTTTTQ3aNsS! \,Nm S30V4YNS 1V
-W&\NN\WWM_.«.W\.M ......... TSt 1d \NN w\\Qk \XL\ 0 M mﬁoz< wéz_oumo omzo:wﬁ:
- A , NO SIONVYIIOL
swsari @ wuawas | SOCIL 2779 L/7d5
Ol SINIY¥d
aay viia o0s*
NOYH IHYW FAONLIFTT LI7dS @
020"
SS90

*I\v/f

_lllll.l.lll._\

; J LN
—  — ] "/
_ng. oz2l°
7k .
2 OEl" | ogy
.ITUWMM
0L2S —
* oSS
WAOHddY | 3LVa NOILdI40S30 WAS
‘ON HS 133HS NO LNOD

A3y_|

321

SNOISIAIY

-231-




OL SINI¥d

| |

124
22"

S 03 SLoTS 9 MW.V

IVAONddY | 31¥Q |

NOILdI¥IS30 [ WAS

A3H _

‘ON HS 133HS NO LNOD

321S

SIZE

SNOISIAZY

CONT ON SHEET

SH NO.

REV

7

I
,

vvia awa

0IL pgs/ S -

ozt 0091

505
6057/

2vd. g Sﬁ

oLE'l
v81

w ‘W 'S 'N NI O3LININd (19-6) Isi—dd"

o oo W77 awes] A A

BR[O o

-9k | & B SN = ot 24

31¥Q Q3ACdddV VIY3IVIA

..... m\-:%_%BN\.W:I.N Kn.w\, wW\v\ ..F...----,ufn_u:m@ 7 cs $30v4uns T1¥

Z W R S T e T

.\.\W».\-Nﬁ%‘%.w_m::kq:l- MWT\*\ Nww\\&.m MY -MWN\NK\.\\ EMM STTONY STYWIDZO SNOLLOWY
74 un/\Q..N.Um.Nh\MQ - Th SIHONI Ni uzmw%%%w%m

91419313 () 1vHaN39 : a33153dS 38IMYIHIO SSIINA

T

~-232-




'ON HS  133HS NO INOD Ml /1 3wos Hmuw-ghun HHHHHHHHHHHHMMU |
_ HmkﬁN”MmevAWU _ _ - _
R @\\A uNm_m ‘\mW:‘mn\wuww\.\.mozm &N@n\m\uwﬁmmﬂmw.oﬁ
V& /AR Y A4 3LVa ENREFL] VIYILVI
nnnnnnnnnn Noivoo1 TTTTTTTTTTTT@aANss! A S30VAINS TV
LNV ,_oaw_w«‘%}mm.% FSWHI -FI¥HL MY O  |----3p% -addv T $93% T
||||||| %WA&W\I!IlNVAWﬂNV.lII .M-WW:\!\W.lN.TEn 31va SITONV w|_<”Z_OuD SNOILOVYA
21419313 @ 1VHINI9 IN\AIWNM.NMJ XININ W\Q\/ TN/YLSTTRW 7 | S3IHONINI wz%q Mw‘wudwmw.}m@r
g NMVYAl G314103dS ISIMYIHLO SSIINN
OL Sintd 'H/ SO0 NIHLIM ¥ Vi
HLIM ONOD 39 OL D38 sviq / ¢
coO~00" /WY YINICD TTV ¢ ac” g v
—— —oSZ/
: rAYA4
.\\lrl .\ 4
s 22 i e
[ ,_ o oy 88 v e
, / / + Y Wi /4 oc: - 8647/
L S s 1
AN
0c0" 4% N 1 I rrriss; ]
§1L075 Z , $0°
< . sz
S2/
S/1°C
fe—————— ———
$2/°Z
IYAQ¥ddY | 31va NOILdI1¥0S3a WAS
"ON HS 133HS NO INOD

SNOISIATY

Ay 32IS

-233-




‘ON HS 133HS NO INOD Loy §>_ /:f FIWoS| 7 N sy a8
—I o psay LA i F X[ AT N 39
-9 A v R =7 \c TNFTISONTL DAL RS
1S o YONI|-——-mmmm T TW0D ¥O "1A0D
31va Q3A04ddV AVIYIIVIN
.......... NO1LVO01 _ N TTTTTTTTTTTTQ3NSSI \, S3OV4HNS 1V
T TNTAT M ......... W ~AddV F ¥ F
...... 1930 OANQ - e 7 5 SITONY STYWIDIA SNOILOVYA
g7
T S ~ssmrar| sponn S SRR
91419313 @) 1VHINI9 Nwvaa| a3H03dS ISIMEIHIO SSIINN
01 SINI¥d
B
m o
TVAONJAY | 31va NOILdI¥0530 WAS
‘ON HS 133HS NO 1INOD
SNOISIATY
Ay 321S

-234-




'V'S'N NI AALNINd (£§-6) (WST) 0SL-.

‘ON HS 133HS NO LNOD :%&._.\s_ // AWOS| Ty [ T N\._?z ||||||||||||||||||||||||||
-l J o T7rl I 39
- -9/A i e a7
3218 B A B E| EEEREe R ey TWOD HO “1A0D
31vd Q3A0Y¥ddY IVIMALYW
..... _Nowwoor i = [ [ N $30v4YNS TV
oHo Irvavzazy | 3253 >0ddV -~ T ~
---Qw,.mw@%%p%m&\. ....... LN HOTIOUMS  |~z5y 2774k 3lva| STTONV STYWIOIA  SNOLLOVYS
‘ e o 'NO SIONVHITOL
..... XZZ77577 7T STHONI NI 34V SNOISNIWIA
91419313 6B 1VHINI9 Nmvaa] a3i4153dS 3SIMEIHIO0 SSIINN
Ol S1INIdd
ozg'l
0LY
' S e
. ™I
.
wm OW |
™ Q
H 1L N 7
4 rt\ﬁn _9& N
P _I obz’
SHL 81 — w_\m —
AVAOHddY | 31va NOILdI¥0533 WAS
‘ON HS 133HS NO LINQD
SNOISIATY
A3y 3Z1S

-235-




'ON HS  133HS NO INOD VY M / o/ FWos|ETY 7 As I
KGR0 v i/ 777y KX I 0
Q\ - @ \ > vd I Ve e TR YOI ATADS
321S T, 73779 4ON3 TS0 Z/N NOYTL TN0J e
@ \ } 31va a3A0HddV IVIYILIVIN
T I Y a3nssl N S30VAINS TV
OTHO " FTVININT g e~ | 37,7 ddv ¥ ¥ ¥
ey %&P%Q%WN\ ..... A VAVATS ---g577%7-537 3lva| STIONV STVWIOIQ SNOILOVYS
‘NO SIONVYIT0L
TTTTITIASIETY T SIHONI NI 38V SNOISNIWIA
21413113 @ TVHINID NMYHa| @313193dS ISIM¥IHLO SSIINN

0l SINI¥dd

IVAO¥ddY | 31vd

NOILd{¥3S3d

WAS

A3y

‘ON HS 133HS NO LNOD

SNOISIAIY

U

g

)
%)
N
o

-236-




Y
"ON HS 133HS NO INOD o ti. / </ 3OS H.M\.N ||||||||||||||||||||||||||
sz I/ FFSTOwLET I
J/—G/A y il TPT LS ISTINILIS”
, azus «.‘\tx ||||||||||||||||| TWOD O "LAOD
31va AVIYILVIN
...... NOILVOOT R ¢ £ T2 [ N S30VRINS TV
OIHS 7 7WGNTAT (7/7/S 7V/8 /D777 [ =27 dav ¥ ¥ ¥
........ d30¥OND_ - ~~~~ysg7 Z777¥7 3ival STTONV SWIOIQ SNOILOVAA
24 4 YA OO X5y Y| SIHONI NI W_zmw %@mﬁyﬁ

(27

91419313 @) 1VH3INI9 NMvHa] a3i4193dS ISIMYIHIO SSTINA
Ol S1NIdd
| 4 |
755
0Ll zy
T oS/ <6007 Iv_
Y T« ARAANN
Wm_ i | LLILILILILIL
0600 q A
o500 o8s: | /\ L es
SLs a0S% aHl 9 -8/€
IVAOHddY | 31VQ NOILdI¥0S3a WAS
‘ON HS 133HS NO LNOD _
SNOISIAZY
AJY 3ZIS

-237-




‘ON HS 133HS NO INOO

I A LS A i il i

719K |

777 T 7 ¥ON3

....... TFITIS SSTTINIYIS

NOILYD/ITOL |0 T TR 1100 HO 1199
31va Q3A0Y¥ddY IVIYILVIN
e | 770 T TR | aanssi A S30VAUNS TV
....... Towrr | THIS STLIINOD [ B it o
|||||||| ldag o Ad__ lllw.wlml\l\%w‘lxﬂ\w\\rm._ko WMJOZ.Q w.._<2_omm mZO:.O<W_.U
TEF ISA e MIIHT/Y Y | SIHONI NI wzmw mwwv__mmw%m
91419313 &%) 1IN0 Nmvaal a3i3193ds 35IMYIHLO0 SSIINN
Ol SINI¥d
NOILYDISITON
MO -/1-009 MHOTIIOUMS 0210
T T8990
09’ SHO0
< 060 FLED - T
lﬁl . . _._ _J
\ lllll | S
0 _ 1
. i oo | e o
mm ab
 — — — - Iwm ‘%l'l
| = T
qHL 9| - m\mlx
gl -%g—
WAOUddY | 31va NOILdI¥053a WAS
'ON HS 133HS NO 1INOD
SNOISIA3Y
A3y 371S

-238-~




—

“ON_1N30) 3000 -

: sy 77 3wos] B il e
— m\ @;m | 770 swost ] gx 0 S — X 7naza
L ]- L AR IBIAB S TOIE e
T o EPI 74 g ¥ON3 u-thNW.,.\quNWMEoog [y
31v0 d3A08ddV VIYILVYIN
.......... NOLYOOD \/ S3OV44NS 11V
AWlg FHTVZNT F I ¥ s2/
......... 0O A e SIIONY STYWIOIQ SNOILOVYA os /" o
3% anis o, A0 SR e
91419313 GB 1vuaNa9 a373193dS I5IMYIHLO SSTINN 290

01 SiNidd

ESE”

Vi se ] /

IN8I -S52/E Q\.RN

7%

v/Q
52"
bSZ

o

vid
02§’
ogg’

- AN g —

AT SISO
At SSSSERE TG
I 2y savass //
Va4
. . 4d/ .
AL vid sef s N . INOZ-SLEY dHL
and
o9 . Qet/
27 oos '/
SLE
ILE
| | 1l
VAOHddY | 3ivad | NOILJIN0S3a 1 WAS
‘ON HS 133HS NO INOD SIZE REV
_ ~ SNOISIA3Y _
A3y eV CONT ON SHEET SH NO.

vId
98t
o6’

-239-




REFERENCES
Cobine, J. D., and Gallagher, C. J.,, "New Electrodes for Stabilizing
Inert-Gas Welding Arcs', AIEE Transactions, V. 70, 1951, p. 804.

Richter, R.,"Study of AC Arc Dynamics Stabilization and Starting Criteria'’,
General Electric Company Report No, GE 63FPD283, July 31, 1963.

Cobine, J. D., "Gaseous Conductors', Dover Publications, 1958,

Somerville, J. M,, "The Electric Arc", Wiley, New York, 1959.

Kohl, W, H.,, Materials Technology for Electron Tubes, Reinhold, 1951,
p. 457,

"Theoretical and Experimental Investigation of Arc Plasms-Generation
Technology, ASD-TDR-62-729, Part II, V. 1, Sept., 1963.

Jeans, Sir James, An Introduction to the Kinetic Theory of Gases,
Cambridge, 1960, p. 47.

Vincenti, W, G., Lectures on Physical Gas Dynamics, Stanford Univ., Press,
1961, p. 2,14,

-241-



